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1.  INTRODUCTION 


During  the  last  decade,  the  composites  industry  has  faced  increasing  competition  on  a  world 
wide  basis.  This  has  led  to  an  increasing  emphasis  on  the  develq)ment  of  newer  and 
improved  materials  and  processes.  As  a  result  there  is  an  increasing  push  from  management 
to  speed  up  the  design  of  products  and  reduce  the  time  to  market.  The  intense  competition 
prevalent  has  even  been  described  as  akin  to  countries  being  in  a  “product  war”  [Cooper, 
1990].  Stimulated  by  this  increased  competition,  newer  technologies  and  changing  markets, 
industries  are  responding  to  the  competitive  challenges  by  re-thinking  their  approach  to 
product  development  and  manufacturing,  and  are  increasingly  adopting  Japanese  and  other 
tools  and  methods  of  management  and  quality  control  [Edmondson  and  Wheelwright,  1989]. 
Strategic  planning  has  assumed  a  position  of  great  importance  with  choices  determining  key 
success  factors,  dictating  program  continuation  and  shaping  expectations  for  growth. 
Although  composites  have  been  used  for  aerospace  applications  for  mwe  than  three  decades, 
they  have  yet  to  achieve  their  full  potential  as  materials  of  choice  for  the  automotive  and 
consumer  industry.  Nurtured  by  aerospace  applications  that  initially  emphasized  high 
performance  with  little  regard  to  cost,  composites  usage  has  increased  in  other  areas,  yet  is 
hampered  by  process  and  fabrication  economics  and  manufacturability  issues  ("we  can 
design  but  can  you  build  economically,”  syndrome).  The  chasm  between  design  and 
manufacturing  has  often  caused  the  material  system  that  is  a  designers  dream  to  be  a 
manufacturers  nightmare.  The  "data  management"  or  communications  gap  between  design 
and  management  has  been  pinpointed  by  many  as  the  most  difficult  of  chasms  to  be  bridged 
in  increasing  the  effectiveness  of  the  product  realization  process  [Puttre,  1991]. 

The  tailorability  of  composites  for  specific  applications  has  been  one  of  its  greatest 
attractions,  and  simultaneously  one  of  its  most  perplexing  challenges.  The  wide  choice  of 
materials  combinations,  processing  methods  and  shapes  possible,  present  bewildering 
problems  of  selection.  In  the  isotropic  world  of  traditional  materials  it  was  possible  to  use 
tables,  charts  and  simple  formulae  to  check  the  validity  of  a  concept,  thereby  relegating  the 
need  for  specialists  to  the  final  stages  before  prototyping.  This  is  not  possible  in  composites, 
where  specialists  in  different  disciplines  are  needed  almost  routinely  even  at  the  stages  of 
concept  generation.  The  plethora  of  choices  available  is  often  a  designers  nightmare.  The  cost 
of  investigating  each  of  the  possible  alternatives  is  very  high.  Added  to  this  is  the  fact  that 
decision  makers  often  do  not  have  sufficient  expertise  in  all  the  functional  disciplines  needed 
for  them  to  make  a  correct  choice  from  the  large  set  of  alternatives.  The  economics  related 
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with  the  traditional  iterative  norm  of  product  development  makes  it  necessary  to  promote  an 
integrated  approach  that  enables  a  more  direct  form  of  develt^ment. 

In  the  current  competitive  environment,  composites  have  to  compete  with  mature  materials 
such  as  aluminum,  without  the  luxury  of  a  knowledge  base  about  life-cycle  behaviour.  Thus, 
critical  decisions  often  have  to  be  made  when  the  available  knowledge  is  the  least,  thus 
indicating  a  critical  need  for  the  development  of  tools  and  techniques  that  would  allow  fast 
strategic  decision  making  based  on  minimization  of  risk  of  failure  of  the  product  realization 
process  (PRP).  One  of  the  most  important  steps  in  the  design  process  is  the  selection  of 
apin-opriate  materials  and  fabrication  processes.  As  has  been  noted  before  [Henshaw,  1989; 
Wilkins  and  Karbhari,  1991],  the  three  aspects  of  materials,  configuration,  and  process 
selection  arc  highly  coupled  in  composites  (Figure  1). 


Figure  1 :  The  coupling  of  decisions  in  composites 

The  composites  community  is  well  aware  of  the  highly  coupled  nature  of  composites,  as  is 
apparent  from  the  conclusions  of  an  industrial  survey  stating  that  the  ability  to  "interact" 
effectively  with  design  and  manufacturing  engineers  was  the  most  important  competency 
required  of  the  "composites  specialist"  [Lange,  1986].  The  concept  of  linking  the  attributes  of 
performance,  properties,  microstructure  and  processing  has  recently  been  developed  as  an 
extension  to  the  notion  of  the  necessity  of  recognizing  design  interactions  [Karbhari  et  al., 
1991].  This  allows  for  representation  of  customer  wants  through  the  attributes  of 
performance  required  of  the  system/product.  It  is  essential  that  the  data  representing  the 
interdependence  of  the  coupled  aspects  as  shown  in  an  example  schematic  in  Figure  2  be 
made  available  to  the  design  team  so  as  to  ensure  that  a  critical  interdependence  is  not 
overlooked. 
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Figure  2:  Design  interactions  and  influences 

The  problem  however,  is  one  of  data  management,  as  related  to  making  available  sufficient 
information  to  the  design  team,  in  an  appropriate  fashion.  Not  only  must  this  data  be 
available,  but  it  must  be  presented  in  a  format  suitable  for  direct  application  to  the  stages  of 
concept  generation  and  concept  selection,  thus  serving  as  a  tool  for  the  successful  execution 
ofthePRP. 


It  is  necessary  for  fast  strategic  decision  making  that  the  problem  of  selection  be  reduced  to 
its  main  elements  through  the  deselection  (or  rejection  through  comparison)  of  concepts  ill- 
suited  to  the  specifle  requirements  under  consideration.  The  process  of  deselection  (or 
screening)  assists  the  decision  making  team  (or  individual)  by  reducing  the  number  of  viable 
concepts  that  would  then  undergo  a  detailed  analysis  for  suitability.  This  allows  a  rapid 
movement  through  the  list  of  alternatives  reducing  the  number  of  final  concepts  to  only  a 
few.  The  ultimate  purpose  is  to  quickly  focus  on  the  most  viable  and  attractive  alternatives.  In 
this  paper,  we  discuss  the  stages  involved  in  composites  product  design  process  whilst 
emphasizing  the  development  of  an  electrcmic  envinemment  for  a  decision  suppem  tool  to  aid 
the  design  team  towards  the  successful  attainment  of  this  goal.  The  ultimate  goal  is  the 
development  of  a  concurrent  engineering  methodology  and  tools  that  aid  the  product 
development  team  in  viewing  and  analyzing  an  evolving  design  at  varying  levels  of  routine 
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and  innovative  perception,  and  firOTi  multiple  viewpoints  characterizing  the  integration  of  the 
different  disciplines  necessary  for  the  successful  implementation  of  the  PRP. 


2.  DESIGN  AND  THE  DESIGN  PROCESS 


As  engineers,  we  have  traditionally  thought  of  design  as  an  activity  involved  with  the  actual 
construction  of  an  artifact,  rather  than  with  the  management  of  the  system  leading  to  and 
including  its  construction.  In  fact  to  many  engineers  the  term  design  merely  reflects  the 
mapping  of  system  specifications  into  its  physical  realization  [Katz,  1985].  Although  the 
design  process  can  be  globally  represented  as  the  mapping  of  functional  space  to  design 
space,  it  must  be  kept  in  mind  that  the  mapping  may  not  be  unidirectional,  but  cyclic  (Figure 
3). 


Definition 


Figure  3:  A  schematic  of  the  spiral  design  process 


Waldron  described  the  cyclic  process  as  one  in  which  "the  designers  have  an  idea  of  where  to 
start  and  where  to  finish,  but  it  may  not  be  easy  for  them  to  get  there  without  many 
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intermediate  subprocesses"  [Waldron,  1990].  The  process  can  then  be  conceptualized  as  a 
number  of  stages  in  which  the  design  team  interprets  specifications  to  generate  sub-functions 
and  goals,  in  the  attainment  of  which  further  specifications  arc  generated  in  a  cyclic  manner, 
resulting  in  the  final  production  of  an  artifact.  A  representative  model  to  describe  such  activity 
was  prt^sed  by  Waldron  et.  al  [Waldron  and  Waldron,  1989].  In  line  with  this,  Woodbury 
proposed  that  the  core  for  the  design  process  was  a  search  which  characterized  design  "as  a 
path  planning  problem  through  a  space  of  possibilities"  [Woodbury,  1991]. 

In  reality,  the  design  problem  is  a  search  that  must  satisfy  multiple  ctMtstiaints  and  criteria. 
For  composites,  the  constraints  arc  not  merely  those  prescribed  by  the  design  profile  (or  list 
of  specifications),  but  also  those  arising  from  the  close  interaction  between  materials, 
configuration,  and  processes.  Composites  design  then  is  not  just  the  design  of  an  artifact  or 
structure,  but  essentially  the  design  of  the  material  of  which  the  artifact  is  to  be  fabricated, 
and  the  design  of  the  fabrication  process,  in  addition  to  that  of  the  structure  itself.  It  is  clear 
that  this  represents  a  new  view  of  the  terms  "concurrent  design”  [NAE,  1991]  and 
"concurrent  engineering"  [Winner  et  al.,  1988]  in  that  the  actual  process  is  to  some  degree 
representative  of  these  methodologies,  even  in  its  most  primitive  form.  For  the  efficient 
fabrication  of  a  composite  artifact,  both  these  terms  are  synonymous  with  the  design  process 
itself. 

A  recent  study  on  improving  engineering  design  defined  concurrent  design  as  that  practise  of 
engineering  design  that  combines  the  concerns  of  functional  product  and  process  design, 
production,  field  service,  recycling,  and  disposal  into  one  integrated  procedure  [NAE,  1991], 
The  development  of  composites  is  a  complex  process  and  requires  the  simultaneous 
consideration  of  various  parameters  such  as  component  geometry,  production  volume, 
reinforcement  and  matrix  types  and  relative  volumes,  tooling  requirements  and  process  and 
mailcet  economics.  An  illuminating  example  of  this  is  in  liquid  molding  where,  in  addition  to 
the  design  of  the  material  from  the  structural  viewpoint,  it  has  to  be  designed  from  the  resin 
infusion  aspect  as  well.  The  preform  is  usually  designed  from  a  structural  point  of  view, 
exemplifying  its  use  as  the  skeleton  for  the  final  part.  Often  ease  of  manufacture  will  even  be 
considered  part  of  the  design  profile  for  the  preform.  However,  it  is  often  forgotten  that  the 
same  preform  must  also  be  designed  from  the  view  of  infusion.  The  same  anisotropy  that 
comes  from  the  use  of  unidirectional  and  specialty  fabrics  in  order  to  fulfill  strength  and 
stiffness  criteria  can  create  directional  flow,  causing  the  preform  to  wet  out  primarily  in  one 
direction,  leaving  dry  spots  in  the  other.  Related  studies  highlighting  the  use  of  the 
methodology  described  in  this  report  are  listed  in  a  later  section.  One  of  these  describes  the 
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use  of  TAGUCHI  methods  for  the  efficient  determination  of  the  critical  parameters  for  the 
successful  use  of  an  imraaturt-  composites  manufacturing  process  (in  this  case,  the  RTM 
process)  after  its  selection  as  the  most  applicable  using  the  Composites  Manufacturing  and 
Eiesign  Guide  (CMDG).  This  illuminates  the  use  of  the  tools  develqjed  under  the  current 
grant  and  brings  to  the  fore  the  crying  need  for  the  further  development  of  concurrent  design 
tools  for  composites,  which  would  enable  the  design  team  to  cover  all  aspects  of  the  design 
problem  effectively. 

With  the  increase  in  complexity  of  streams  of  concurrent  processes,  there  is  an  increased 
probability  of  losing  control  of  the  key  characteristics  necessary  to  add  value,  hold  down 
costs  and  meet  customer  expectations.  The  myriad  choices  available  make  it  imperative  that 
the  functions  of  economics,  design,  and  manufacturing  be  integrated  during  the  development 
process.  Increasingly  the  composites  community  is  becoming  aware  of  the  need  for  adopting 
the  principles  of  quality  -  simplicity,  elimination  of  waste,  doing  it  right  the  first  time,  short 
cycle  responses,  improved  robusmess  of  products,  adherence  to  commitments  and  a  regard 
for  the  environmental  consequences  of  developing  composites.  All  this  makes  it  imperative 
for  the  composites  designer  to  have  ready  access  to  tools  that  would  enable  him/her  to  make 
efficient  choices  in  the  shortest  possible  time.  One  such  family  of  tools  is  that  related  to 
knowledge  based  systems.  A  decision  support  system  (DSS)  is  one  such  representation  that 
couples  information  bases  with  a  variety  of  problem  processors  intended  to  support  decision 
makers. 

From  an  artificial  intelligence  perspective,  design  can  then  be  thought  of  as  the  search  for  the 
solution  of  a  problem  defined  in  global  terms,  but  largely  undefined  in  terms  of  specifics,  that 
proceeds  in  an  evolutionary  manner  from  conceptualization  to  eventual  physical 
implementation.  The  process  is  seen  to  include  several  levels  of  abstraction  before  a  physical 
realization  is  attained.  The  design  cycle,  irrespective  of  its  procedure,  has  at  its  hean,  the 
goal  of  infusion  of  knowledge  of  downstream  activities  into  the  design  process  so  that 
designs  can  be  created  rapidly  and  correctly.  It  is  our  hypothesis  that  this  process  can  be 
considered  in  terms  of  five  subprocesses: 

1)  conceptualization  and  preparation  of  a  demand  profile; 

2)  concept  generation 

3)  pin-pointing  critical  technologies  or  attributes 
necessary  for  successful  implementation  of  the  PRP; 

4)  benchmarking  and  concept  selection;  and, 

5)  evaluation  -  the  GO/NO-GO  review. 
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The  first  two  stages  can  collectively  be  identified  as  belonging  to  the  design  formulation 
stage,  the  next  two  with  design  synthesis,  and  the  final  stage  as  that  of  design  evaluation.  It 
is  fourth  stage  that  is  seen  as  being  of  critical  importance  in  competing  on  a  world-wide  basis 
with  the  "best-of-the-best".  Typically  design  itself  can  be  ebssified  into  routine,  innovative, 
and  creative  [Brown  and  Chandrasekaran,  1985].  Routine  design  can  grossly  be  defined  as  a 
refinement  process  and  has  been  viewed  as  "design-prototypc-instance  refinement”  [Gero, 
1990).  In  this  form  previous  prototypes  are  retrieved  and  refined  for  new  anpheations.  This 
can  be  done  through  comparison  of  existing  attributes  with  the  demand  profile,  and  making 
appropriate  changes.  In  innovative  design,  the  designer  refines  pre-existing  designs  through 
the  use  of  new  information  and  techniques.  The  prototype  is  basically  used  as  a  preliminary 
mask  for  completely  new  attributes.  It  is,  however,  only  in  creative  design  that  new  variables 
are  inuoduced  into  the  design  prototype.  Even  though  the  prototype  forms  a  disjoint  set  from 
the  original,  it  is  rare  that  a  completely  new  artifact  would  be  created.  Thus  it  may  be  noticed 
that  the  design  process  typically  evolves  from  the  comparison  and  adaptation  of  pre-existing 
designs. 

For  an  efficient  process  in  a  highly  coupled  environment,  such  as  with  composites,  it  would 
seem  that  there  would  be  great  value  in  having  heuristics  of  previous  designs  at  hand.  This 
would  enable  the  design  team  to  view  previous  attributes  and  compare  materials,  processes, 
and  configurations,  for  the  best  fit  based  on  the  current  demand  profile.  One  such  family  of 
tools  is  that  related  to  knowledge  based  systems. 


3.  THE  COUPLED  ENVIRONMENT  FOR  COMPOSITES 

The  tailorability  of  composites  for  specific  applications  has  been  one  of  their  greatest 
attractions  and  simultaneously  one  of  their  most  perplexing  challenges.  The  wide  choice  of 
possible  materials  combinations,  processing  methods  and  shapes  presents  bewildering 
problems  of  optimum  selection.  It  is  possible  not  only  to  achieve  the  same  physical 
characteristics  using  different  material  system  combinations,  but  also  to  arrive  at  them  using  a 
variety  of  materials  transformation  pathways  (a  schematic  of  a  generic  materials 
transformation  process  is  shown  in  Figure  4).  Obviously,  one  of  the  many  routes  is  the 
optimum,  the  others  lacking  in  attributes  ranging  from  cost  and  durability  to  reliability  and 
maintainability.  Within  the  paradigm  of  traditional  isotropic  materials,  it  is  possible  to  use 
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tables,  charts  and  simple  formulae  to  check  the  validity  of  a  concept,  i.e.,  to  exploit 
generations  of  successful  reduction-to-practice,  thereby  relegating  the  need  for  specialists  to 
the  final  stages  before  prototyping. 


Figure  4:  A  generic  materials  transformation  process 

This  is  not  possible  or  desirable  in  composites,  where  specialists  in  different  disciplines  are 
needed  almost  routinely  even  at  the  stages  of  concept  generation  and  where  very  few  aspects 
of  product  development  have  been  reduced  to  practice.  Similarly,  it  is  possible  to  use  vast 
resources  of  information  and  knowledge  for  furthering  a  mature  technology,  whereas  this 
base  is  non-existent  for  an  emerging  critical  technology.  The  successful  introduction  and 
acceptance  of  such  a  technology,  especially  in  light  of  the  immense  demands  placed  on 
critical  technologies,  thus  depends  not  only  on  a  paradigm  shift  (from  the  pre-existing 
technology),  but  also  on  ensuring  that  the  early  decisions  are  correct 

Recently,  a  case  was  made  to  show  that  concurrent  engineering  was  the  ideal  tool  for 
composites  product  development,  stressing  that  if  it  were  not  established  in  other  fields,  it 
would  have  been  invented  for  composites  out  of  necessity  [Wilkins  and  Karbhari,  1991]. 
Otlier  technologies  have  attempted  to  improve  on  the  basic  sequential  (evolutionary)  product 
development  approach.  However,  with  composites  it  is  seldom  possible  to  use  a  functionally 
separable  decision-making  process  during  the  selection  of  materials,  processes  and 
configuration.  Every  decision  made  during  the  product  development  process  is  intricately 
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related  to  the  set  of  three  interacting  decision  areas  of  materials,  configuration,  and  processes. 
Satisfying  the  three  ♦  ^ether  requires  creation  of  a  knowledge  base  that  is  capable  of  defining 
predictive  relationships  linking  the  constituents  (reinforcement,  matrix,  filler  etc.),  the 
structural  and  microstructural  details,  and  the  performance  attributes  required  from  the 
product.  The  application  of  sequential  design  methods  of  BUILD-TEST-FIX,  traditionally 
used  for  materials  and  product  development,  is  both  impractical  and  undesirable  for 
composites.  The  functional  connection  of  properties,  microstructure  and  processing  (as  they 
reflect  the  integration  of  materials  science,  design  and  manufacturing  technology)  to  the 
attributes  of  performance  (which  embody  the  customer  wants)  has  recently  been  more  fully 
explored  [Ramkumar,  1989]  in  an  effort  to  recognize  critical  design  interactions  and  thus 
facilitate  more  responsive  representation  of  customer  wants  through  the  measurable  attributes 
of  performance  required  of  the  system/product. 

Our  ability  to  efficiently  and  competitively  manufacture  composites  depends  not  only 
on  embracing  new  management  techniques,  but  also  on  developing  a  unifying  concept  of 
materials-by-dcsign,  wherein  computer  modeling  is  combined  with  theory,  experiments  and 
heuristics. 


EMPIRICAL  MODELS 
ixperiment  base 


Interpretation  of 


•  Description 

•  Facts 

results 

•Theories 

•  Statistics 

•Explanations 

Figure  5:  The  complimentary  use  of  computation,  analysis  and  experiments 
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In  the  past,  practical  remedial  actions  in  the  composites  test-fix  loop  have  primarily  been 
adapted  from  the  metals  paradigm  and  are  often  ill-suited  to  the  task.  While  there  remains  a 
need  to  improve  the  tradidonal  sequendal  build-test-fix  design  methodology  for  product 
development,  emphasis  must  shift  away  from  developing  remedial  actions  and  towards 
improving  conceptual  planning  which  can  enhance  responsiveness  and  realism  at  earlier 
stages  in  the  process.  Taken  to  the  extreme,  prior  proper  planning  should  eliminate  the  need 
for  remedial  measures.  In  any  technology,  the  decisions  made  early  in  the  product  concepdon 
stage  have  deep  implicadons  for  the  subsequent  stages  in  the  development  cycle.  Insofar  as 
the  successful  development  of  composites  (and  the  associated  structures)  are  concerned,  the 
facilitadon  of  the  efficient  selecdon  of  aspects  from  each  of  the  three  areas  of  consdtuent 
materials,  configuradon,  and  processing  takes  on  an  added  dimension  of  importance  as 
decisions  related  to  these  are  locked  into  very  early  in  the  product  design  process.  The 
modvadon  for  tools  to  aid  in  facilitating  the  decision-making  process  is  primarily  one  of 
economic  leveraging,  as  seen  in  Figure  6. 
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Figure  6:  Oppwtunides  in  early  design  (after  Ashton,  1991) 


As  is  apparent  from  the  figure,  the  opportunities  for  dcvelopment-proccss-rclated  cost 
reductions  decrease  as  the  design  moves  along  the  product  realization  process  (PRP)  time¬ 
line.  Up  to  70%  of  the  total  life-cycle  costs  are  normally  committed  at  the  end  of  the 
conceptualization  (or  preliminary  design  review)  stage.  Due  to  exigencies  of  economy 
associated  vkith  product  development  of  advanced  materials,  such  as  high  initial  scrap  rates, 
high  material  costs  and  limited  reworkability,  early  decisions  arc  critical  and  have  a  major 
impact  on  further  development.  The  memory  of  the  high  cost  of  past  materials  selection 
errors  in  the  prototyping  of  composite  products  has  often  proved  to  be  a  deterrent  to  their 
conceptual  selection  in  new  programs,  especially  when  in  competition  with  a  familiar  metals 
paradigm  which  trades  off  potential  customer  satisfaction  for  lower  risk.  This  situation 
commonly  occurs  with  emergent  technologies  in  fields  where  the  customer-perception 
derived  market  forces  have  remained  relatively  constant  (leading  to  conservativism)  and  in 
which  current  product  paradigms  must  be  displaced  to  gain  market  share.  In  all  such  cases  it 
is  essential  that  activities  critical  to  the  success  of  the  PRP  not  be  omitted  during  the  product 
development  cycle.  Recent  studies  have  shown  that  a  minimum  number  of  specified  product 
design  management  activities  must  be  performed  in  order  to  achieve  a  high  success  rate  with 
new  products  or  technologies  [Cooper  and  Kleinschmidt,  1986;  Hise  et  al.,  1989]. 
Obviously,  the  greater  the  number  of  these  activities  conducted,  the  higher  the  probability  of 
success. 

The  focus  of  this  report  is  not  primarily  the  development  of  a  new  design 
methodology  for  composites,  but  on  facilitating  the  total  design  process,  and  with  that  in 
mind,  we  shall  discuss  a  group  of  ideas  that  encourage  robust  early  decision  making  by 
systematizing  the  intelligent  consideration  of  all  phases  of  product  development 


4.  A  FACILITATION  PROCESS 


4.1  THE  NEED: 

American  industry,  faced  with  increasing  global  competitiveness,  is  being  forced  to  pay 
much  more  attention  to  the  issues  of  high  cost  and  product  robustness,  and  to  the  long  lead 
times  associated  with  product  development.  Stimulated  by  this  increased  competition,  and  by 
opportunities  presented  by  newer  technologies  and  changing  markets,  industries  are 
responding  to  the  competitive  challenges  by  rethinking  their  approach  to  product  development 


and  manufacturing.  Methods  of  management  and  quality  control  popularized  by  successes  in 
Japan,  are  being  adopted  at  an  increasing  rate  in  the  United  States.  Strategic  planning  has 
assumed  a  position  of  great  importance  with  a  potential  to  determine  key  success  factors, 
dictate  program  continuation  and  shape  expectations  for  growth.  In  spite  of  its  huge  industrial 
base  and  R&D  efforts,  "the  United  States  has  earned  the  reputation  of  being  the  nation  of  the 
quick  fix"  [Renner,  1991],  characterized  by  impatience  in  implementing  programs,  and  a 
lack  of  connection  with  the  faster-emerging  technologies  and  management  techniques  of 
Europe  and  Japan. 

In  a  recent  article  Kim  Claik  stresses  the  inherent  paradox  in  technology  development: 
"Technology  has  never  been  more  important;  yet  building  a  competitive  advantage  by  means 
of  technology  alone  has  never  been  more  difficult"  [Clark,  1989].  The  increasing 
industrialization  related  to  advanced  materials  in  Europe  and  Asia  has  brought  about 
competition  on  a  worldwide  basis.  In  its  wake,  a  greater  emphasis  has  been  placed  on  a 
company's  ability  to  introduce  new  products  successfully.  In  the  fast-changing  socio* 
politico-economic  markets  of  today,  product  development  has  to  be  approached  not  merely  as 
a  marketing  or  technological  problem,  but  rather  as  one  involving  creativity,  innovation  and 
interactive  problem  solving.  The  business  climate  of  the  near  future  will  in  all  probability 
place  an  increased  emphasis  on  a  company's  ability  to  establish  a  reputation  or  a  market  niche 
for  new  products  quickly.  There  are,  however,  few  conceptual  strategies  or  methodologies  to 
aid  in  formulating  the  strategy  for  new  product  development  [Cooper,  1987],  let  alone  in 
developing  new  technologies.  This  has  led  to  a  renewed  interest  in  strategies  for  successful 
product  development  [Cooper,  1987,  1990;  Gomory,  1989;  Gupta  and  Wilemon,  1990; 
Hollins  and  Pugh,  1990]  and  the  formulation  of  new  management  techniques  that  would 
guarantee  the  success  of  the  product  realization  process  (PRP).  For  successful 
commercialization  of  new  products  and  technologies,  the  functions  of  research  and 
development  (R&D)  and  manufacturing  must  woik  more  closely  together.  Although  this  may 
seem  simple  enough,  one  need  only  consider  the  diversity  in  the  scope  and  charter  of  the  two 
disciplines  to  realize  that  achieving  this  synergism  will  require  a  tremendous  uphill  battle. 

The  traditional  engineering  design  environment  encourages  free  thinking,  creativity,  and 
innovation  [Turtle,  1990]  yet  the  current  management  system  preordains  the  separation  of  the 
designer  from  the  actual  PRP  as  run  by  technologists  and  increasingly  non-technical 
management.  The  manufacturing  environment,  in  contrast,  places  greater  emphasis  on 
docunrtentation,  methodical  planning,  and  the  impact  of  design  detail  interrelationships  on 
firm,  immediate  goals  dictated  by  the  beckoning  maricet  Within  the  process  of  manufacturing 


itself,  there  is  an  acute  need  for  coordination  between  designers  and  those  responsible  for 
actual  production  to  help  sort  out  these  interactions.  Although  all  involved  in  the  PRP  agree 
that  there  is  a  critical  need  for  design  that  anticipates  production,  there  is  little  ot  no  agreement 
on  the  mix  of  design -manufacturing  in  the  management  of  the  PRP,  or  on  how  to  resolve  the 
inherent  differences  and  trade-offs  connected  therein  [Ettilie,  1988].  This  is  fast  becoming  of 
increasing  concern,  since  without  the  synthesis  of  the  different  functions  necessary  for 
successful  technology  development  (including  those  of  management),  it  will  not  be  possible 
to  integrate  the  technology  development  phase  with  the  sales  and  marketing  phases.  Top 
management  has  often  been  perplexed  by  "their  inability  to  implement  improved 
manufacturing  techniques  and  the  philosophy  of  continuous  improvement,"  [Ashton  et  al., 
1990]  inspite  of  the  apparent  understanding  of  the  need  for  change,  as  well  as  the 
commitment  of  the  line  managers  to  the  new  paradigm.  Describing  the  emerging  theory  of 
manufacturing,  Peter  Drucker  goes  as  far  as  to  suggest  that  in  the  coming  years 
manufacturing  will  have  to  be  embedded  in  the  economic  process  of  business  [Drucker, 
1990].  Thus  every  decision  in  an  industrial  environment,  whether  related  to  R&D,  design,  or 
production  would  have  to  be  treated  as  a  business  decision.  It  is  in  the  integration  of  all  these 
disciplines  that  we  falter. 

Faced  with  increasing  global  competitiveness  and  increasing  quality  of  traditional  materials, 
the  composites  and  advanced  materials  industry  is  challenged  by  such  issues  as  high  cost, 
product  robustness  and  long  lead  times  associated  with  product  development 
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Figure  7:  The  phases  of  technology  evolution 


For  perspective,  the  technology  associated  with  composites  can  still  be  positioned  in  the  first 
two  stages  of  technology  evolution  as  depicted  in  Figure  7,  since  technical  and  commercial 
uncertainties  arc  limiting  their  advances  in  terms  of  cost  and  reliability.  It  is  in  the  second 
stage  that  the  transiticMi  from  the  laboratory  model  and  prototype  is  made  to  commercial 
application,  and  this  is  perhaps  the  area  that  needs  immediate  attention.  Scientific  theory  has 
to  be  converted  to  application,  and  research  activities  have  to  be  aimed  towards  the 
development  of  tools  and  techniques  to  assure  successful  commercial  development.  This 
does  not  mean  that  fundamental  issues  are  to  be  abandoned,  but  rather  that  there  exists  an 
increasing  need  to  provide  economic  value  by  merging  past  and  current  scientific 
accomplishments  into  technological  advances.  Rapid  changes  in  raw  material  quality  as  well 
as  in  composites  processing  technologies  arc  causing  accelerations  in  product  life  cycles.  As 
with  any  other  product,  the  life  cycle  can  be  divided  into  four  phases;  introduction,  growth, 
maturity  and  decline  (Figure  8[a]). 


Renewal 


Due  to  the  growing  need  for  stronger,  lighter  and  more  efficient  advanced  materials  with 
multi'funcdonal  aspects,  the  related  technologies  are  in  the  ironic  situation  of  having  reached 
(or  being  close  to)  maturity,  even  though  the  science  base  is  not  well  understood.  In  many 
cases  this  has  caused  an  early  decline  due  to  problems  related  to  reliability  or  cost,  whereas  in 
others  the  intense  need  has  led  to  a  renewal  (Figure  8{b])  through  breakthroughs.  Filament 
winding  is  one  such  technology  that  has  benefitted  by  the  introduction  of  new  and  improved 
heating  techniques  (such  as  IR  and  laser  assistance)  as  well  as  through  develq^ments  in 


robotics  and  controls.  Whereas  the  strategies  for  tackling  the  declining  phase  of  a  consumer 
product  are  fairly  clear,  it  is  not  well  understood  as  to  what  should  be  dcMie  in  terms  of  a 
process  or  technology.  Typically,  mere  substitution  is  not  the  answer.  Considerable  success 
has,  however,  been  achieved  through  the  use  of  new  methodologies  that  stress  concurrency 
and  integration  of  the  different  stages  in  the  PRP  such  as  design  and  manufacturing  [Martin, 
1988].  Although  much  touted,  these  methodologies  have  not  been  applied  sufficiently  to 
advanced  or  critical  technologies  such  as  composites  mainly  due  to  the  fine  line  between 
research,  development,  and  actual  production.  There  is  obviously  a  cridcal  need  for 
techniques  and  methodologies  that  will  aid  in  the  seamless  integration  of  research,  product 
design,  manufacturing,  marketing,  and  service.  The  current  Total  Quality  Management 
(TQM)  revolution  presents  a  number  of  opportunities  towards  this  end,  but  the  key  to 
implementing  this  revolution  remains  in  developing  a  facilitation  process  that  is  simple  yet 
capable  of  addressing  the  diverse  needs  of  the  various  disciplines  that  must  work  together  in 
concurrent  fashion  for  successful  product  development.  In  the  following  sub-section  we 
describe  one  such  facilitation  process,  the  Total  Quality  Design  (TQD)  approach,  using 
composites  product  development  as  an  example  of  its  application  to  an  emerging  advanced 
technology. 

4.2  TOTAL  QUALITY  DESIGN: 

The  basic  concept  of  concurrent  engineering  as  a  mode  of  integrating  product  and  process 
design  has  been  gaining  favor  in  the  last  few  years.  Combined  with  the  renewed  emphasis  on 
customer  satisfaction  stressed  by  the  Quality  Functional  Deployment  (QFD)  methodology 
[Hauser  and  Clausing,  1988;  Sullivan,  1986],  concurrent  engineering  is  popularly  touted  as 
the  cure  for  the  ailments  of  American  industry.  However,  it  must  be  remembered  that  such 
methodologies  are  not  magical  processes  that  will  solve  all  problems  instantly,  nor  is  the 
application  of  these  served  through  the  addition  of  a  “quality  engineer”  or  a  “concurrent 
engineering  specialist”  on  a  product  development  team.  Product  decisions  include  those 
involving  materials  selection  and  configuration,  as  well  as  decisions  on  major  components  of 
the  design  and  the  basics  of  systems  integration.  Production  decisions  can  often  begin  with 
the  economic  decision  to  make  or  buy  at  the  system  detail  level.  At  this  stage  a  production 
plan  is  drawn  out  that  includes  details  of  facilities  and  equipment  required,  policies  for 
tooling,  and  plans  for  producibility.  Decisions  on  lot  sizes  and  schedules  which  are  directly 
affected  by  market  economics  are  basically  units  of  management  control.  In  older  inHustries, 
or  in  technologies  that  have  reached  maturity,  competition  is  usually  on  the  basis  of 
production  efficiency.  In  newer  and  developing  technologies,  competition  is  based  not  only 
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on  production  efficiency  and  economic  criteria,  but  also  on  product  innovation,  criticality  of 
advanced  technology,  dmeliness  of  product  market  launch,  market  pull,  and  quality. 

There  is  a  need  to  identify  the  main  elements  cridcal  to  the  success  of  such  a  PRP,  as  well  as 
to  develop  a  facilitation  process  to  improve  product  and  technology  development  The 
proposed  approach  is  referred  to  as  Total  Quality  Design  (TQD)  because  (1)  it  emphasizes 
facilitadng  the  product  realization  process  in  terms  of  design  management  and  (2)  it  is  a 
hybrid  derivadve  of  TQM  techniques  and  Pugh  selecdon  matrix  concepts  [Pugh,  .1990] — the 
latter  in  its  applicadon  as  a  spread-sheet-based  decision  produedvity  tool.  TQD  has  been 
developed  to  make  the  same  principles  of  resource  leveraging  and  decision  robustness  used 
in  methodologies  such  as  Quality  Funedon  Deployment  which  is  primarily  useful  in  strategic 
planning,  palatable  to  project-oriented  technical  decision  makers.  TQD  is  a  team-oriented 
framework  for  integrating,  prioritizing,  and  abstracting  the  essential,  most  relevant 
information  needed  by  an  engineering  project  leader  or  design  team  in  order  to  come  to  a 
dmely  decision  as  to  which,  if  any,  is  the  best  course  of  acdon  given  the  informational  and 
resource  constraints  available.  The  approach  is  based  in  a  concurrent  engineering 
environment  and  pays  special  attention  to  the  importance  of  controlling  costs  and  dme 
associated  with  uncertainty  and  risk.  The  actual  process  is  made  up  of  five  elements  or 
stages;  definidon,  requirements,  benchmarking,  concepts,  and  review.  Each  of  these  stages 
except  the  last,  have  two  components,  each  of  which  has  a  dual  nature:  a  “creadve”  and  a 
“disciplined”  side.  Each  component  will  be  described  in  detail  in  the  following  section. 
Figure  9  depicts  the  fundamental  components  of  TQD,  along  with  some  of  the  charactcrisdcs 
of  each  stage.  It  is  stressed  that  the  depiedon  in  a  "concurrent"  manner  should  not  be  taken  to 
imply  the  order  or  duration  of  each  stage  or  component.  The  design  cycle,  irrespective  of  its 
procedure,  has  at  its  heart  the  goal  of  infusing  awareness  of  downstream  production  activities 
into  the  upstream  design  process  so  that  robust  designs  can  be  created  rapidly.  It  is  our 
hypothesis  that  this  process  can  be  considered  in  terms  of  five  sub-processes,  which  roughly 
match  the  five  stages  of  the  TQD  process  mentioned  earlier 

1)  conceptualization  and  preparation  of  a  demand  profile; 

2)  concept  generation  and  benchmarking; 

3)  pinpointing  critical  technologies  or  attributes  necessary  for  successful 

implementation  of  the  PRP; 

4)  benchmarking  for  concept  selection;  and, 

5)  evaluation  -  the  GQ/NO-GO  review. 
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Figure  9;  The  elements  of  the  TQD  process 


The  first  two  stages  can  collectively  be  identified  as  belonging  to  the  design  formulation 
stage,  the  next  two  to  design  synthesis,  and  the  final  stage  to  design  evaluation.  A  simplistic 
model  of  the  design  process  is  depicted  schematically  in  Figure  10.  However,  this  errs  in  its 
linear  nature  which  suggests  that  no  iterations  are  needed  and  undermines  the  importance  of 
determining  customer  wants,  and  of  synthesizing  the  final  solution  based  on  the  evolution 
and  deselection  of  a  large  number  of  potential  solution  sets.  In  reality  the  design  process  has 
K>  go  through  the  five  stages  mentioned  above  and  is  depicted  more  realistically  as  described 
earlier  in  Figure  3,  which  stresses  a  continual  evolution.  The  goal  of  the  TQD-driven 
methodology  (as  should  be  the  goal  of  any  efficient  design  process)  is  to  decrease  the  time 
spent  within  the  spiral  by  jumping  stages  (for  example,  by  developing  newer  materials  and 
by  implementing  more  efficient  technology,  and  more  focussed  management  approaches).  An 
integrated  team  rather  than  a  group  of  individuals  is  essential  to  achieving  this  goal. 
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Figure  10:  A  simplistic  "linear"  design  process 

While  communication  between  team  members  may  not  be  a  serious  problem  to  some,  almost 
every  engineer  would  agree  that  the  communication  barriers  that  exist  between  functional  or 
departmental  groups  is  a  serious  impediment  to  rapid  product  development.  Differences  in 
background  and  technical  jargon  can  create  a  real  ‘language’  problem.  Organizational 
structure  and  procedures  can  also  impede  the  efficient  transmission  of  information.  There  arc 
three  primary  types  of  information  —  heuristic,  analytical,  and  empirical  —  and  traditional 
information  management  involves  the  collection,  storage,  and  maintenance  of  large  quantities 
of  the  latter.  With  the  present  advances  in  communications  and  computers,  it  is  possible  for 
us  to  change  our  thinking  about  how  data  and  knowledge  can  be  created,  stored,  and 
accessed.  Unfortunately,  the  factional  nature  of  advanced  technology  tends  to  produce 
isolated  pools  of  such  data  available  only  to  the  intelligentsia  in  the  OTiginating  groups.  This 
pooling  of  domain  specific  information  is  needed  for  successful  implementation  of  the  PRP 
and  is  achieved  in  part  through  the  use  of  experts,  either  as  members  of  the  development 
team,  or  as  consultants. 

Experts  are  those  decision  makers  who,  through  either  innate  ability  or  experience,  can 
perform  the  simultaneous  inferencing  necessary  to  come  subconsciously,  to  a  balanced 
technical  decision  while  considering  and  giving  due  weight  to  divergent  points  of  view 
supported  by  the  incomplete  information  available.  Recall  that  concurrent  engineering  is  a 


term  that  can  refer  to  any  engineering  process  embodying  decisions  based  on  relevant  factors 
outside  the  direct  functional  responsibility  of  the  project  but  which,  none  the  less,  would  be 
linked  by  cost  schedule  ch-  technical  challenge  during  project  execution.  It  is  the  subconscious 
evaluation  of  this  linkage,  one  that  occurs  across  organizational  boundaries,  technical 
specialties  and  project  phases  that  differentiates  the  expert  from  the  merely  competent 
engineer.  For  the  competent  engineer,  justifying  decisions  based  on  the  balanced 
consideration  of  numerous  and  often  conflicting  priorities,  opinions  and  responsibilities  both 
technical  and  otherwise,  can  be  overwhelming.  In  addition,  the  cost  of  poor  decisions  made 
during  the  conceptual  stages  of  a  project  concerning  advanced  materials  (which  inherently 
bear  a  high  cost)  can  be  unexpectedly  high  (Figure  11). 
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Figure  1 1 :  The  criticality  of  early  decisions  for  composites  (after  Stanton,  PDA 

Engineering) 


Complicating  the  picture  sdll  further,  eventually  the  physical  records  of  the  information 
become  far  less  accessible  than  the  experts  themselves,  who  are  now  integral  components  of 
the  information  infrastructure.  Thus,  information  management  and  people  management 
converge. 

While  pooled  empirical  domain  knowledge  is  critical  to  the  success  of  engineering  design,  it 
is  not  the  only  type  of  information  that  needs  to  be  collected,  stored  and  used  by  engineers. 
Any  good  design  environment  will  have  to  incorporate  methods  to  access  and  interpret  all 
three  types  of  information  in  an  easy  and  efficient  manner.  A  good  facilitation  process  helps 
capitalize  on  the  direct,  concentrated  influence  of  experts  over  the  design  process.  Expert 
systems  hold  the  promise  of  further  enhancing  access  to  domain  knowledge  pools  by 
providing  on-demand,  simulated  human  experts.  Whatever  the  form,  it  is  the  use  of 
knowledge  that  is  the  heart  of  the  design  decision  process.  The  design  team  needs  to 
anticipate  the  linkages  between  the  various  stages  of  the  PRP,  as  well  as  those  stages  within 
the  PRP  at  which  there  is  need  for  concurrency  of  decisions  among  a  variety  of  functional 
aspects.  The  conscious  evaluation  of  concurrent  linkages  can  be  facilitated  through  the  use  of 
the  systematic  prioritizing  techniques  embodied  in  a  concurrent,  teano-based,  goal-oriented 
approach.  These  tools  cannot,  however,  be  used  in  a  vacuum.  No  tool  will,  of  itself,  supply 
quality  to  a  process.  Quality  is  built  into  the  decision  process  through  the  team-building 
process.  A  team  is  the  Erst  necessary  ingredient  to  good  concurrent  engineering  solutions, 
and  team  building  is  the  quintessential  management  function. 

4.3  THE  CRITICAL  ELEMENTS 
i)  The  definition: 

The  Team  -  The  driving  force  behind  any  successful  product  realization  process  is 
the  team.  This  group  of  individuals,  when  welded  together  into  a  cohesive  unit,  can  turn  an 
opportunity  into  a  competitive  edge.  The  accelerating  pace  and  complexity  of  modem 
technology  makes  it  imperative  that  the  team  be  not  merely  a  collection  of  people  but  a  well- 
balanced  group  of  experts  in  the  requisite  areas.  The  selection  of  a  mixture  of  articulate, 
mentally  flexible,  diversely  experienced  members  committed  to  a  specific  goal  or  task  is 
extremely  difficult  but  vital  to  the  success  of  every  project  Team  building  and  leadership  thus 
attain  great  importance,  with  the  nominal  leader  actually  serving  as  a  facilitator  (or  agent 
through  whom  the  team  functioned  is  assured)  -  guiding  and  ensuring  that  the  team  members 
capabilities  are  used  to  the  fullest  in  an  atmosphere  of  loyalty  and  mutual  trust.  It  is  essential 
that  team  members  be  able  to  compromise,  knowing  why  they  did  so,  and  what  the  team 
gained  in  the  process.  The  last  is  a  critical  element  in  the  sale  of  the  final  concept  to  the 


customers  -  both  internal  and  external.  Team  building  within  the  context  of  the  TQD 
methodology  is  not  equally  effective  for  all  levels  of  decision  complexity  and  team  size.  A 
realistic  reflection  of  experience  to  date  with  these  limitations  is  presented  in  Figure  12. 
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Optimum  team  size 


Figure  1 2;  Optimum  team  size  is  dictated  by  project  scope 

A  team  of  4-6  people  is  optimal  for  many  concurrent  conceptual  design  problems;  as  problem 
complexity  increases  through  either  expanded  scope  or  detail,  more  of  the  burden  for 
analyzing  compromise  must  be  shifted  to  smaller  groups  of  more  highly  qualified  team 
members  in  order  to  achieve  a  reasonable  return  on  an  increasingly  valuable  team’s  time 
investment.  We  stress  that  the  actual  number  of  members  in  a  team  is  dependent  on  the  scope 
and  specific  requirements  of  the  project.  The  best  team  member  is  one  that  is  willing  and  able 
to  (1)  make  good  decisions  within  his  or  her  own  area  of  expertise  and  (2)  collect  and 
evaluate  information  from  other  team  members  and  outside  experts  (consultants)  for 
decisions  outside  their  area  of  expenise.  It  is  in  this  aspect  of  concurrent  engineering  that 
management  emphasis  on  the  human  factors  of  training,  motivation  and  facilitation  is 
required. 


Mission  Statement  -  The  Mission  Statement  is,  in  essence,  a  mini-proposal  from 
the  team  to  itself,  and  it  serves  as  the  focus  for  all  effort  during  the  PRP.  The  strategic 
choices  made  by  management  in  response  to  the  customer  requirements  in  terms  of  goals  and 
schedules  give  meaning  and  direction  to  the  various  activities  necessary  for  the  successful 
development  and  launch  of  a  product.  The  mission  serves  to  guide  implementation  but  should 
be  wide  enough  to  permit  adaptation  and  change  during  development  As  a  rule  it  should  not 
anticipate  a  specific  method  of  solution,  thus  giving  the  team  full  leeway  to  use  the  best  and 
most  appropriate  methods  to  fulHll  their  objectives  whilst  ensuring  customer  satisfaction. 
Key  to  the  mission  are  the  criteria  of  schedule  and  cost,  which  together  define  the  scope  of  a 
project  or  program.  An  effective  project  team  is  essential  in  determining  tradeoffs  between 
schedules  and  costs  associated  with  the  mission.  All  essential  constraints  and  customer 
imperatives  should  be  included  in  this  two-  or  three-sentence  definition  of  the  team's  goal. 
Relevant  information  regarding  cost,  schedule,  target  market,  technical  focus  and  measures 
of  success  should  be  included.  The  mission  statement  shcnild  figure  prominently  in  all  phases 
of  the  decision  process;  periodic  review  of  its  guiding  features  is  essential. 

it)  The  requirements: 

Know  the  customer  -  Engineering  management  has  long  considered  customer 
interaction  as  a  privileged  function.  As  a  consequence,  several  layers  of  translation  often  lay 
between  the  voice  of  the  customer  and  the  ear  of  the  project  team.  This  has  been  a  major 
cause  of  technical  nonresponsiveness  and  an  almost  assured  death  sentence  for  proposed 
work.  It  is  also  an  excellent  way  to  earn  the  ill  will  of  those  whose  opinions  matter  most  -  the 
customer.  The  best  way  to  insure  customer  happiness  is  to  get  the  customers  to  personally 
participate  in  the  team  decisions.  Quality  is  defined  by  the  customers  and  therefore  if  their 
direct  participation  in  the  activities  of  the  team  is  not  feasible,  ensuring  the  survival  of  their 
special  points  of  view  can  be  aided  by  naming  them  individually  and  attaching  lists  of  their 
specific  needs.  These  lists  comprise  not  only  the  points  they  actually  discuss  but  also  those 
points  which  arc  so  obvious  to  the  customer  that  they  are  often  omitted  from  formal  dialogue. 
These  customer  wants  fall  under  the  category  of  expected  quality.  Failure  to  consider  an 
expected  quality  item  will  often  result  in  a  complete  failure  of  the  early  decisirm  process.  It  is 
essential  that  the  team  have  a  clear  understanding,  both  objective  and  subjective,  of  what  the 
customer  means  by  "quality".  Garvin  [1984]  identified  five  major  approaches  to  the 
definition  of  quality  and  described  the  ways  in  which  they  may  be  viewed  by  different 
functions  of  the  PRP  such  as  marketing  and  manufacturing.  The  eight  dimensions  of  quality 
identified  within  these  approaches  arc  shown  in  Figure  13.  The  reader  is  reminded  that  some 
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of  these  may  be  of  greater  importance  than  others.  In  con^sites,  for  example,  the  attributes 
related  to  performance,  reliability,  durability,  and  conformance  far  overshadow  the  rest 


Figure  1 3:  The  eight  aspects  of  quality  (after  Garvin,  1984) 

It  is  essential  that  the  aspects  of  quality  be  recognized  by  the  team;  team  members  must  realize 
that  they  would  change  according  to  not  only  customers  but  also  the  specific  use  of  the 
product  and  technology.  The  term  customer  must  be  understood  to  include  two  classes  of 
people.  The  first  set  falls  within  the  purview  of  the  traditional  definition  of  a  customer  -  a 
person  outside  the  specific  organization  who  either  buys  a  product  or  uses  services  provided 
for  a  cost.  The  second  set  is  made  up  of  internal  custcHners.  These  could  be  teams  that  are 
downstream  of  the  function  being  performed,  departments  being  served  by  other 
departments,  or  even  stock-holders.  It  is  the  need  for  the  "satisfaction’'  of  the  internal  set  of 
customers  that  has  caused  a  paradigm  shift  of  late  -  the  designer  must  satisfy  the  production 
engineer’s  needs  if  the  product  is  to  be  made  well,  rather  than  just  presenting  a  design  that 
may  or  may  not  be  producible  based  on  the  specific  capabilities  and  options  open  to  the 
manufacturing  team.  Without  the  support  and  satisfaction  of  the  internal  customers,  it  is 
impossible  to  successfully  implement  a  product  development  and  marketing  strategy,  let 
alone  satisfy  the  real  customer. 
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Customer  wants  -  Customer  wants  are  just  that  -  and  more.  They  are  the  expressed 
and  implicit  needs  of  the  customer  as  discerned  from  the  extensive  customer  dialogue  already 
mentioned.  These  wants  should  comprise  a  free-form  list  indexed  to  the  list  of  specific 
customers.  Prioritizing  the  customers  with  regard  to  which  key  few  must  be  satisfied  will, 
through  this  indexing,  prioritize  the  customer  wants  in  preparation  for  the  evolution  of 
metrics.  The  list  should  remain  as  true  to  the  words  of  the  customer  as  possible  to  avoid 
unintentionally  biasing  their  evaluation.  It  should  be  remembered  that  under  the  new 
paradigm  of  customer  satisfaction  being  the  ultimate  goal  of  any  industry,  customer  wants  arc 
the  primary  driving  functions  of  product  development.  Care  should  be  taken  to  determine 
these  wants,  some  of  which  may  be  intangibles  (such  as  aesthetics),  and  define  them  in  terms 
of  technical  requirements  and  specifications. 


Figure  14:  Perceptions  of  quality  associated  with  customer  wants 


Quality  perception  in  terms  of  expectations  and  satisfaction  (Figure  14)  need  to  be  carefully 
cmisidered  after  benchmarking.  In  the  final  analysis  the  satisfaction  of  needs  and  wants  is 


guaranteed  if  the  customers  attain  their  goals  at  the  end  of  the  PRP.  With  composites,  it  may 
be  possible  to  satisfy  wants  previously  unaddressed  by  established  material  paradigms 
through  modiHcations  in  materials,  manufacturing  methods,  or  conflguration  or  a 
combination  of  these. 

Hi)  Benchmarking: 

The  process  of  benchmarking  has  been  defined  as  "measuring  your  performance  against  that 
of  the  best-in-class  companies,  determining  how  the  best-in-class  achieve  those  performance 
levels,  and  using  the  information  as  the  basis  for  your  own  company's  targets,  strategies, 
and  implementation"  [Pryor,  1989].  This  process  has  recently  been  applied  both  to  product 
development  and  to  improving  the  focus  and  culture  of  a  company  [Bemowski,  1991].  It  can 
also  serve  as  a  means  of  understanding  the  difference  between  the  relative  limitations 
imposed  by  business  practice  and  the  limitations  imposed  by  a  theoretical  optimum,  and,  in 
that  vein,  is  applicable  not  only  to  product  or  service  development  but  also  to  process  and 
technology  development.  The  use  of  external  measures  of  success  can  shift  the  focus  of 
quality  control  from  merely  measuring  product  attributes  to  developing  detailed  descriptions 
of  process  steps  and  work  methods  to  guide  future  innovation.  This  investment  in  the  future 
not  only  leads  to  a  better  understanding  of  the  specific  processes  but  also  causes  a  perceptible 
shift  away  from  the  practice  of  evaluation  in  terms  of  short-range  goals  with  its  attendant 
search  for  scapegoats  at  times  of  failure. 

Since  most  technical  innovation  is  evolutionary  in  nauire,  benchmarking  the  competition  is 
possibly  the  most  rewarding  exercise  of  judgement  the  project  team  can  make.  Benchmarking 
is  a  competitive  analysis  of  the  merits  of  pre-existing  solutions  to  similar  technical  problems 
posed  by  similar  customers  with  an  eye  toward  adapting  superior  concepts  to  fit  the  current 
mission  goals.  Most  companies  have  some  sort  of  "lessons-leamed”  program  in  place; 
unfortunately,  such  programs  generally  focus  only  on  internal  product  development  history, 
and  then  only  in  those  technology  areas  sufficiently  reduced  to  practice,  rather  than  on  data 
correlated  from  the  competing  industry  in  general. 

Quality  Metrics  -  Metrics  are  those  measures  of  engineering  success  that  will 
translate  how  well  any  and  all  solutions  proposed  by  the  team  in  later  phases  of  the  decision 
process  will  satisfy  the  prioritized  list  of  wants,  a  list  which  is  itself  a  translation  of  the  true 
desires  of  the  most  important  customers.  Quantitative  measures  of  success  which  imply  an 
intrinsic  scale  are  to  be  preferred  over  more  qualitative  measures.  Some  wants  will  force  the 
adoption  of  metrics  that  are  purely  qualitative  -  a  sporty  look  for  a  car  is  a  common  example  - 


which  requires  some  creative  metric  formulation.  Marketing  experience  on  the  team  is 
invaluable  in  framing  the  customer  dialogue  (usually  by  survey)  necessary  to  obtain 
unambiguous  qualitative  metrics.  Economic  metrics  are  quantitative  but  largely  unfamiliar  to 
the  engineer.  Inclusion  of  an  econometric  support  member  on  a  team  concerned  with  cost 
perfwmance  is  generally  advisable,  as  is  the  use  of  modem  cost-accounting  procedures  such 
as  activity-based  costing.  It  must  be  remembered  that  the  choice  of  quality  metrics,  which  in 
essence  serve  as  the  functions  to  be  benchmarked,  is  a  key  element  of  the  mtire  process  —  the 
transition  from  customer  relations  to  engineering.  The  list  should  include  those  factors, 
conditions,  or  variables  that  when  achieved  make  the  difference  between  success  or  failure. 
These  should  also  include  metrics  that  identify  and  quantify  areas  in  which  improvement  is 
needed.  It  could  be  argued  that  the  proper  selecdon  of  metrics  also  serves  as  the  first  step  in 
setting  realistic  goals  for  the  PRP.  Linking  individual  metrics  to  the  previously  prioritized  list 
of  wants  win  result  in  a  corresponding  prioritization  of  those  metrics  suitable  fex  the  efficient 
and  responsive  evaluation  of  all  solution  concepts  to  follow. 

iv)  Concepts: 

Concept  Generation  -  It  is  essential  that,  at  the  outset,  a  profusion  of  concepts, 
scHTie  new  and  others  adaptations  of  existing  products  or  features,  be  generated.  The  flow  of 
ideas  and  concept  should  be  unhindered  by  formal  structure  or  bias.  Creativity  and 
innovation  are  the  keys  here .  Always  remember  that  there  are  no  dumb  concepts,  only  dumb 
responses  to  their  suggestion.  Design  experience  may  actually  hinder  the  free  formuladon  of 
innovadve  soludons;  often  the  novice,  unfettered  by  years  of  ingrained  bias,  can  bring  fresh 
perspective  to  the  generation  of  competing  solutions.  Although  this  stage  is  generally 
considered  to  be  the  focal  point  for  creadvity,  it  is  stressed  that  for  the  best  use  of  any 
advanced  technology,  creadvity  and  innovadon  must  be  a  generic  part  of  the  entire  product 
development  process,  not  just  at  the  concept  generadon  phase. 

Concept  Selection  -  The  large  number  of  concepts  generated  has  to  be  pared  down 
to  the  best  two  or  three.  Here,  the  compedng  concepts  are  impaidally  and  radonally  graded 
on  their  ability  to  satisfy  customer  wants  as  expressed  in  the  prioritized  list  of  quality  metrics. 
Where  available,  a  recognized  standard  of  performance,  usually  a  competitex’s  fully  proven 
solution,  should  be  used  as  a  benchmark  in  determining  the  relative  merits  of  team-generated 
solutions.  This  benchmark  serves  to  scale  the  evaluation  process  while  providing  a  reminder 
of  real-world  issues  and  their  successful  application.  If  the  field  of  competing  concepts  has 
been  narrowed  considerably  and  no  clear  winner  is  evident,  the  strongest  surviving  concept 
should  be  chosen  as  the  benchmark  and  the  remaining  concepts  rated  in  relation  to  this  new 


baseline.  At  this  stage.the  most  important  quality  metrics  may  be  used  as  criteria  for 
deselection  of  concepts.  Deselection  is  particularly  useful  when,  as  often  happens,  several 
metrics  remain  unmeasured  because  of  either  time  or  budget  constraints.  Comparative 
analysis  of  alternatives,  besides  being  fast,  also  sharpens  preferences  through  the  use  of 
rankings  [Eisenhardt,  1990]  so  that  the  superiority  or  desirability  of  one  concept  over  others 
becomes  clear,  even  if  the  actual  difference  cannot  be  quandHed.  Details  of  this  approach  as 
well  as  one  possible  implementadon  of  its  methodology  in  electronic  form  as  part  of  a 
decision  support  system  are  given  in  [Karbhari  and  Wilkins,  1991;  Karbhari  et  al.,  1991]. 
Often,  not  knowing  how  an  unresolved  metric  will  turn  out  is  enough  to  disqualify  a  concept, 
especially  if  even  a  wildly  favorable  rating  will  not  negate  other,  more  persuasive,  arguments 
against  the  concept.  Technological  uncertainties  are  a  major  reason  for  the  delay  in  a  PRP. 
The  team  has  to  protect  itself  from  falling  prey  to  the  desire  to  incorporate  the  latest 
technological  improvement  into  the  product,  especially  when  its  compatability  and/or 
reliability  has  not  been  proven.  The  Go/No-Go  reviews,  among  their  other  purposes,  provide 
an  opportunity  for  the  team  to  ensure  that  this  does  not  occur. 

y)  Go/No-Go  Reviews: 

At  the  end  of  concept  selection,  management  and  the  team  have  to  decide  whether  it  is 
worthwhile  to  further  develop  a  concept.  The  TQD  process  recognizes  that  product 
iimovation  and  development  are  processes  that  need  to  be  managed.  The  Go/No-Go  reviews 
serve  as  gates  at  which  critical  assessments  must  be  madc.Thc  Go/No-Go  review  is  the 
critical  decision  point  in  the  product  development  process.  If  the  decision  is  a  **Go”  both 
management  and  the  team  have  determined  with  a  high  degree  of  confidence  that  further 
development  expenditures  are  justitiable.  If  the  decision  is  a  “No-Go,”  management  and  the 
team  have  automatically  identified  the  technology  gaps,  economic  issues,  and  competition 
conditions  that  make  further  development  imprudent.  In  fact,  the  “No-Go”  decisions  are 
critical  for  derining  the  research  and  development  (R&D)  agenda  for  the  company.  If  the 
company  is  aggressive  enough  in  pushing  the  state  of  the  art  in  production,  “No-Go” 
decisions  should  result  from  a  high  percentage  of  TQD  projects  at  the  first  instance.  This  in 
no  way  suggests  a  failure  of  the  PRP.  Rather,  it  ensures  that  every  design  is  completely 
evaluated  and,  once  past  the  review  gate,  would  have  a  high  probability  of  success. 

Thus,  the  idea  of  completing  TQD  projects  in  a  number  of  days  or  weeks  creates  a  rich 
atmosphere  of  new  concepts  and  an  urgency  to  improve  them,  and  include  them  in  the 
product  under  consideration.  The  use  of  these  reviews  is  analogous  to  the  stage-gate  system 
lecommended  by  Cooper  11990].  The  use  of  "gates"  (or  Go/No-Go  reviews)  is  an  implicit 


recognition  that  product  development  is  a  process  rather  than  a  set  of  disconnected  stages. 
The  Go/No-Go  reviews  (Figure  15)  serve  as  quality  checkpoints,  characterized  by  a  set  of 
deliverables. 
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Figure  1 5:  The  Go/No-Go  review  as  a  gate  in  the  Product  Realization  Process 

Each  such  review  can  be  characterized  in  terms  of  (1 )  questions  regarding  product  feasibility 
and  viability  as  inputs  and  (2)  a  set  of  exit  criteria  drawn  from  the  quality  metrics  and  design 
profile  constructed  from  the  mission  statement  and  list  of  customer  wants.  Further  details  are 
given  in  the  TQD  Workbook  attached  as  Appendix  1 .  A  set  of  electronic  templates  that  can  be 
used  to  aid  a  team  follow  the  methodology  in  picking  the  right  concept  is  enclosed  in  Disc  1 . 
The  use  manual  is  attached  as  Appendix  2. 


5.  TOOLS  FOR  DECISION  SUPPORT 


One  of  the  biggest  problems  with  engineering  design  today  is  that  we  are  unable  to  represent 
the  world  perfectly  in  terms  of  mathematics.  While  communication  between  team  members 
may  not  be  a  serious  problem  to  some,  almost  every  engineer  would  agree  that  the 


communication  barriers  that  exist  between  functional  or  departmental  groups  is  a  serious 
impediment  to  rapid  product  development.  Differences  in  background  and  technical  jargon 
can  create  a  real  ‘language*  problem.  Organizational  structure  and  procedures  can  also 
impede  the  efficient  transmission  of  information.  Of  the  three  types  of  information  — 
empirical,  analytical,  and  heuristic  —  traditional  information  management  involves  the 
collection,  storage,  and  maintenance  of  large  quantities  of  empirical  data.  While  this  type  of 
information  is  critical  to  the  success  of  engineering  design,  it  is  not  the  only  type  of 
information  that  needs  to  be  collected,  stored  and  used  by  engineers.  Any  good  design 
environment  will  have  to  incoiporate  methods  to  deal  with  all  three  types  of  information  in  an 
easy  and  efficient  manner.  With  the  present  advances  in  communications  and  computers,  it  is 
possible  for  us  to  change  our  thinking  about  how  data  and  knowledge  can  be  created,  stored, 
and  accessed. 

5.1  KNOWLEDGE  REPRESENTATION: 

Knowledge,  in  reference  to  design  can  be  classified  into  four  categories,  namely  factual, 
procedural,  judgmental,  and  control  related  [Rasdorf,  1985].  All  four  categories  are  of 
importance  to  decision  making  for  composites  design  and  manufacture.  If  we  were  to  relate 
the  representation  of  knowledge  through  electronic  media  such  as  computers,  we  would  be 
faced  with  a  set  of  five  storage  and  access  alternatives.  Each  of  these  is  briefly  discussed 
below. 

a)  MODEL  BASES  (ANALYTICAL  DATA)  -  Analytical  data  is  the  information  embodied  by 
our  understanding  of  the  laws  of  nature  and  the  information  derived  directly  from  these  laws. 
This  information  is  at  the  opposite  end  of  the  scale  from  empirical  data.  While  empirical  data 
is  very  concrete  (but  not  necessarily  accurate),  analytical  data  is  very  abstract  (but  also  not 
necessarily  accurate).  Typically  this  information  is  expressed  in  the  notation  of  mathematics 
and  is  generally  coded  directly  into  a  program.  Much  work  needs  to  be  done  in  order  to 
separate  this  type  of  information  from  the  control  procedures  and  algorithms  encoded  by 
computer  programs.  If  this  information  is  available  directly  to  the  engineer,  then  he  can 
direct  the  type  of  analysis  performed.  The  development  of  predictive  capabilities  through  the 
use  of  simulations,  and  analytical  models  can  go  a  long  way  towards  decreasing  the  high 
costs  involved  with  current  programs  aimed  at  characterization  of  materials,  and  the  viability 
testing  of  processes.  Computational  research  leading  to  the  development  of  such  tools  can  go 
a  long  way  towards  acceleration  of  the  manufacturing  process.  An  example  of  such 
knowledge  based  tools  is  the  use  of  computational  models  for  mold  filling  for  processes  such 
as  Liquid  Molding  and  Injection  molding,  which  help  in  the  design  of  the  tool  itself,  as  well 
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as  in  the  selection  of  a  process  window  for  the  application.  Figure  16  depicts  the  use  of  one 
such  code  that  has  been  used  successfully  in  prediction  of  resin  infusion  through  preforms, 
as  well  as  in  deciding  gating  and  venting  arrangements  in  the  Liquid  Molding  Process 
[Aoyagi  ct  al.,  1991]. 


Figure  1 6:  Simulation  of  she  resin  front  in  an  RTM  process  (courtesey  Dr.  S.I.  Gufcri) 

However  it  is  necessary  that  the  limitations  of  these  models  both  in  terms  of  the  limited  set  of 
parameters  used,  as  well  as  in  terms  of  the  simplifying  assumptions  are  made  clear  to  the 
user.  An  important  aspect  that  remains  today,  is  the  structuring  of  different  model  bases  such 
that  they  could  all  be  integrated  into  one  system. 

b)  TEXT  BASES  (ANECDOTAL  KNOWLEDGE)  -  Although  one  of  the  primary  forms,  and 
perhaps  the  most  used,  of  methods  for  the  storage  of  data,  this  form  is  unwieldy  for 
purposes  of  design  and  decision  making.  This  is  most  commonly  used  for  the  storage  of 
technical  articles  and  texts  for  easy  retrieval  and  access.  However,  their  main  use  is 
educational  and  instructional,  rather  than  as  an  aid  to  decision  making.  An  added 


disadvantage  is  that  data  stored  in  this  format  does  not  follow  a  uniform  pattern,  in  that  it 
encompasses  text,  pictures,  equations,  and  numerical  data,  all  of  which  though  important, 
make  the  actual  uncovering  of  critical  information  cumberstnne  and  time  intensive. 

c)  DATA  BASES  (EMPIRICAL  KNOWLEDGE)  -  Empirical  data  is  typically  thought  of  as 
just  plain  numbers.  This  is  the  type  of  information  obtained  when  we  measure  and  tabulate  or 
graph  as  the  result  of  experiments.  It  is  also  the  type  of  information  that  is  stored  as 
characters  on  a  page,  like  names,  dates,  places.  This  information  is  often  stored  in 
databases,  but  can  also  be  stored  directly  as  part  of  an  algorithm  in  a  computer.  The  biggest 
problems  with  empirical  data  are  obtaining  accurate  data  and  maintaining  the  database,  i.e. 
keeping  it  up  to  date.  An  example  of  empirical  data  is  given  in  Table  1,  in  which  data  related 
to  the  Weibull  nxxlulus,  diameter  and  standard  deviation  are  given  for  a  number  of  types  of 
carbon  fiber. 


Fiber 

Designation 

Weibull 

Modulus 

Diameter 

(microns) 

Standard 

Deviation 

AS-4 

7.9 

04 

Apollo  IM 

4.^ 

5.5 

05 

AClF-XHT 

5.6 

AOtf-tiM 

4.5 

- ^ - 

M45 

5.0 

4.8 

0.25 

■R53 

7.5 

4.5 

OS 

Table  1 :  Example  of  numerical  data  likely  to  be  found  in  a  data  base 


Although  the  data  is  accurate  at  the  time  it  was  generated,  better  control  over  the  fiber 
manufacturing  process  could  conceivably  result  in  changes  in  Weibull  modulus  values  and 
lower  values  of  standard  deviation  of  diameters  within  the  same  batch.  It  is  essential  that  such 
information  is  constantly  updated  if  it  is  to  be  used  with  any  degree  of  accuracy.  These  are 
problems  that  must  be  solved  through  organizational  means  and  can  not  be  automated  to  any 
great  extent  For  the  design  environment  of  the  future  to  reach  its  full  potential,  databases  for 
material  constants,  previous  designs,  parts,  systems  and  competitive  benchmarks  must  be 
constructed  and  maintained.  Engineers  rely  heavily  on  empirical  data  and  will  need  to  have 
quick  access  to  accurate  information.  In  addition  to  just  storing  this  information,  the  source 
of  the  information  should  also  be  stored.  Material  constants  should  be  labeled  with  the  source 
of  the  data  so  that  the  engineer  can  simply  query  the  data  for  its  source.  Likewise,  every 
decision  made  in  a  design,  every  tolerance,  dimension  or  fram,  will  be  tagged  with  the  name 


of  the  program  or  engineer  who  determined  the  numerical  value  along  with  the  date  and 
reasons  for  the  decision.  This  documentation  will  be  valuable  for  determining  why  a  given 
tolerance  or  dimension  was  assigned  when  it  becomes  necessary  to  make  changes.  Currently 
a  number  of  databases  are  available  online  that  deal  with  material  properties.  Standardization 
is  however,  an  issue  that  still  needs  to  be  resolved.  A  standardization  initiative  is  underway  in 
this  country,  with  a  uniform  designation  system,  a  unified  testing  matrix,  a  verification 
methodology,  and  a  standardized  database  as  its  basic  goals.  It  has  been  endorsed  by  a 
number  of  key  organizations,  including  ASTM,  SACMA,  SAE,  AIA,  and  DOD,  but 
implementation  is  still  an  issue  of  the  future  [Wilson,  1989].  Although  databases  are 
generally  considered  to  be  concerned  with  numerical  data,  they  may  include  collections  of 
facts  rather  than  figures. 

d)  RULE  BASES  -  These  are  generally  considered  the  domain  of  Artificial  Intelligence,  and 
complement  the  data  available  in  model  and  data  bases.  The  most  outstanding  use  of  such 
rule  based  systems  has  been  in  the  medical  diagnosis  area,  where  a  comprehensive  set  of  "if  * 
then”  statements  helps  to  guide  the  doctor  in  making  a  diagnosis  in  the  shortest  possible  time. 
One  reason  why  this  has  still  not  been  used  in  composites  design  (although  significant  use 
has  been  seen  in  the  analysis  of  composite  structures)  is  that  the  wide  number  of  choices  and 
the  lack  of  a  clear  hierarchy  of  decisions,  makes  it  near  impossible  to  construct  all  but  a  very 
fundamental  and  specific  system.  The  decision  support  system  being  envisaged  would  use 
the  rule  base  to  connect  different  discriminators  (as  described  in  the  next  seaion)  so  as  to 
enable  the  deselection  of  concepts  that  are  unsuitable  to  the  set  of  performance  attributes 
specified  for  the  application.  It  is  possible  to  string  together  a  set  of  rules  that  would  allow 
the  selection  of  a  process  based  on  the  requirements  of  the  application,  as  specified  through 
discriminators  such  as  shape,  microstructure,  number  of  parts  etc.  For  example: 

If  PROCESSING  TEMPERATURE  =  LOW  then  RESIN  =  THERMOSET 

would  discriminate  between  the  matrix  materials.  A  set  of  linked  questions  could  be  as 

If  TWO  SIDED  SURFACE  FINISH  =  GOOD 
and  SHAPE  =  COMPLEX 

and  MICROSTRUCTURE  TAILORABILITY  =  HIGH 
then  PROCESS  =  RTM 


I 

I 


This  use  of  this  procedure  however  assumes  that  sufficient  information  is  available  in  the 
form  of  YES/NO  rules.  Most  rule-based  systems  then  are  based  on  heuristic  data.  In  fact  the 
argument  can  be  made  that  all  knowledge  is  heuristic.  Rules  of  thumb  are  the  prototypical 
example  of  heuristic  data.  Many  scientists,  researchers  and  conqjuter  scientists  abhor  the  use 
of  heuristic  data  because  it  is  not  purely  a  measured  quantity  nor  is  it  an  abstract  principle  or 
law.  While  much  heuristic  information  can  be  represented  by  numbers  and  mathematical 
equations,  it  is  much  more  frequently  realized  as  if. .  .then. .  .else  type  statements.  This  type 
of  information  is  very  difficult  to  extract,  store  and  manipulate,  except  through  the  use  of 
expert  systems.  Special  paradigms  called  inference  engines  have  been  developed  to  begin  to 
deal  with  the  wealth  of  heuristic  knowledge  that  an  engineer  needs  to  use  every  day. 
Prototype  expert  systems  based  on  such  heuristic  information  is  currently  being  used  for  the 
development  and  control  of  autoclave  curing  of  composites  [Abrams,  1987;  Beris  et.  al, 
1991;  Lee  and  Abrams,  1990]  and  in  relating  defects  to  autoclave  process  conditions  [Kliner, 
1991]. 

e)  IMAGE  BASES  -  Although  not  widely  used  as  yet,  the  advances  in  image  processing  and 
data  storage  have  made  this  form  of  data  very  attractive.  The  use  of  image  bases  adds  another 
dimension  to  the  idea  of  a  decision  support  system  being  a  highly  visual,  object-oriented 
system  that  would  allow  users  to  incrementally  describe  their  specifications,  using  the  image 
base  to  view  previous  artifacts  in  order  to  construct  a  new  prototype. 

The  design  environment  of  the  future  will  incorporate  heuri:>iic  knowledge  seamlessly 
throughout  in  the  form  of  expert  advisors.  These  programs  will  respond  only  to  an 
engineer’s  request  for  information  or  analysis  and  not  be  constantly  overseeing  the  design. 
These  programs  will  behave  like  a  mentor,  not  as  a  design  team  member.  However,  we  are 
still  far  away  from  being  able  to  actually  implement  these  systems,  and  it  is  the  thesis  of  this 
paper  that  heuristics  by  themselves,  without  an  inference  engine  can  be  used  within  a  design 
environment  as  decision  making  tools.  These  then,  used  in  combination,  are  the  basis  for  the 
conceptualized  decision  support  system  for  composites. 

5.2  DECISION  SUPPORT  SYSTEMS 

Research  in  the  areas  of  human  decision  making  has  indicated  that  although  human 
capabilities  in  complex  decision  problems  are  rather  limited  [Slovic  et  al.,  1977],  experts 
adapt  to  specific  types  of  problems  rather  quickly.  They  simplify  the  problem  through  the  use 
of  heuristics  gained  through  experience  or  collected  over  the  years  [Russo  and  Dosher, 
1976].  It  is  towards  the  goal  of  (a)  assistance  in  structuring  a  complex  problem,  and  (b) 
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assistance  in  extracting  preferences  within  a  predetermined  framework  that  computCT  based 
decision  making  systems  have  found  the  most  use.  The  main  goal  then  is  not  focussed  on  the 
system  of  information  flow  as  in  a  Management  Information  System,  or  on  specific  problem 
solving  techniques  (as  in  an  expert  system),  but  in  providing  decision  makers  with  a  set  of 
tools  for  interactively  exploring,  designing,  and  analyzing  criteria.  Ideally,  a  DSS  behaves 
like  an  expert  or  consultant,  in  that  it  supports  the  decision  maker  in  understanding, 
expressing,  structuring,  and  analyzing  a  problem. 

It  is  essential  that  we  make  a  distinction  between  an  expert  system  and  a  decision  support 
system.  The  decision  support  system  is  not  expected  to  replace  the  expert  or  provide 
complete  answers.  It  is  however,  expe..ted  to  support  decision  makers  in  expressing  (through 
the  use  of  text  and  image  bases),  structuring  (through  the  use  of  rule  bases),  and 
understanding  (through  the  use  of  data,  rule,  and  model  bases)  the  problem  under 
consideration.  Its  function  can  then  be  viewed  as  that  of  increasing  the  effectiveness  of 
decision  makers  in  situations  where  the  use  of  stored  information  could  support  and/or 
enhance  human  judgement.  It  thus  is  a  means  of  providing  decision  makers  with  appropriate 
tools  for  "interactively  exploring,  designing,  and  analyzing  decision  situations  in  a  manner 
compatiWe  with  their  mental  representations"  (Angehm  and  Liithi,  1990]. 

For  the  type  of  problem  inherent  in  composites  design,  the  "ideal"  system  would  be  based  on 
the  aggregate  experience  of  a  number  experts  in  the  field  who  have  extensive  experience  in 
making  such  decisions  in  response  to  the  product  development  process.  Once  specifications 
have  been  determined  and  potential  alternatives  identified,  the  system  should  be  able  to 
provide  "trace-back"  capabilities,  so  that  the  user  can  see  exactly  how  and  why  the 
alternatives  were  arrived  at,  i.e.,  what  was  the  sequence  of  decisions,  and  how  were  they 
linked  in  order  to  lead  to  the  particular  opdon?  This  would  not  only  give  the  user  the  option 
of  using  it  as  a  decision  making  tool,  but  also  as  an  educational  one.  Finally  the  DSS  should 
be  able  to  perform  "what  if  analyses  regarding  how  a  change  in  an  earlier  decision  affects 
other  intermediate  decisions,  or  the  final  decision.  For  example,  one  type  of  heuristic 
decision  model  is  described  by  Tversky  [14]  as  "elimination-by-aspect."  An  elimination- by- 
aspect  model  allows  the  user  to  specify  a  minimum  acceptable  level  for  each  attribute  (such  as 
strength,  toughness,  etc.),  and  also  the  order  of  importance  of  the  attributes.  Then  any 
alternative  not  meeting  this  minimum  level  for  each  attribute  (the  attributes  being  arranged  in 
decreasing  order  of  importance/priority)  is  eliminated  from  further  consideration.  Although 
such  systems  have  been  constructed  in  the  past,  they  have  all  fallen  short  of  being  able  to 
provide  the  capabilities  of  allowing  tradeoffs  to  be  made  so  as  to  include  alternatives  that 


would  otherwise  have  been  eliminated  due  to  a  minor  shortcoming  on  one  attribute.  The 
implementation  of  a  solution  to  this  shortcoming  is  described  in  a  later  section.  Not  only  does 
the  proposed  system  help  th-.  user  in  recognizing  the  various  stages  in  a  manufacturing 
{n'oeess  and  the  choices  involved  at  each,  but  it  will  also  enable  him  or  her  to  conduct  "what 
if  analysis  regarding  how  a  decision  early  in  the  process  directly  affects  options  further 
down  in  the  product  or  materials  development  process. 


Figure  1 6:  An  example  of  a  design  hierarchy 

Figure  16  shows  an  example  of  a  design  hierarchy.  Although  shown  in  linear  form  it  is  clear 
that  the  choice  of  an  element  at  any  of  the  levels  affects  choices  both  above  and  below  that 
level.  The  choice  of  process  for  example  will  be  affected  by  the  shape  required  (but  will  in 
turn  affect  the  selection  of  a  shape  primitive  if  for  economic  or  other  reasons,  a  specific 
process  is  fixed),  and  it  will  also  affect  the  form,  selection  of  materials,  and  resultant 
microstructure.  If  we  were  to  choose  the  pulirusion  process,  we  would  be  limited  to  simple 


shapes  with  constant  cross-section  and  limited  flexibility  in  microstructure.  The  requirement 
of  finely  tailored  microstructure,  would  however  result  in  the  selection  of  the  Resin  Transfer 
Molding  process,  which  due  to  current  capabilities  would  restrict  the  choice  of  resin  systems 
to  the  thermoset  family.  Although  such  data  is  thought  to  be  of  an  obvious  nature,  it 
surprisingly  is  not  so.  In  a  recent  report  based  on  a  survey  to  evaluate  UK  designers 
familiarity  with  materials,  it  was  found  that  there  was  a  "widespread  lack  of  knowledge  of 
modem  materials  and  processing  techniques"  [Hayes,  1990].  More  often  than  not,  this 
ignorance  results  in  disappointing  performance  from  a  prototype,  exorbitantly  high  costs,  and 
the  ultimate  abandonment  of  the  composites  effort,  resulting  in  the  loss  of  canpetitivcncss. 

In  the  following  section  we  present  a  scheme  that  is  being  implemented  using  a  HyperCard® 
medium  within  a  Macintosh  environment.  The  actual  HyperCard®  stack  is  enclosed  on  Disc 
2. 


5.3  THE  CURRENT  ELECTRONIC  ENVIRONMENT: 

Composites  manufacturing  can  be  thought  of  as  a  materials  transformation  process,  made  up 
of  a  sequence  of  steps. 


(  RAW  MATERIALS  ) 


PRIMARY  MATERIAL 
PRODUCTION 


(PREFABRICATION  ) 
( 


PRIMARY  SHAPEMAKING 


3 


SECONDARY 

SHAPEMAKING 


3 


c  CURING  ) 

(  FINISHING^ 

(  JOINING  ) 

/ 


Figure  1 7 :  The  materials  transformation  process  (MTP) 


Examples  of  such  steps  are  raw  material  production,  primary  material  production, 
prefabiication,  tooling,  primary  processing,  curing  or  post-processing,  finishing,  and  joining 
(Figure  17).  Within  each  step,  there  arc  a  number  of  choices  (including  the  possibility  of 
skipping  the  step).  It  is  almost  impossible,  even  for  the  most  experienced  designer,  to  list 
without  omission,  all  the  steps  and  the  various  options  within  each  step,  for  every 
manufacturing  process.  The  construction  of  such  a  knowledge  base  in  electrcmic  form  allows 
the  design  team  the  opportunity  of  looking  at  a  spectrum  of  possibilities  for  the  fabrication  of 
a  composite  structure.  Such  a  system  would  enable  design  teams  to  consider  options  that 
would  normally  be  deemed  undesirable,  but  which  could  be  successfully  used  within  special 
environments.  Examples  of  this  have  been  seen  to  arise  due  to  the  availability  of  unique 
combinations  of  tools,  equipment,  and  experience  at  fabrication  sites.  Such  special  cases 
would  be  neglected  or  rejected  through  the  use  of  expert  systems,  whereas  decision  support 
systems  have  been  seen  to  bring  such  options  to  the  fore. 
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Figure  1 8:  HyperCard®  based  representation  of  the  set  of  options  available  in  the 

existing  DSS. 


In  order  to  place  the  latest  information  regarding  options  at  each  stage  of  the  materials 
transformation  process  for  composites  at  the  disposal  of  the  design  team,  the  DSS  is  built 
around  the  MANUFACTURING  STAGES  stack  as  shown  in  Figure  18.  The  options  that 
feed  into  the  central  stack  provide  supporting  and/or  more  detailed  information  to  the  design 


team.  The  UnLITIES  stack  stores  HELP  type  information  on  the  use  of  the  DSS  and  the 
other  stacks.  The  APPLICATIONS  stack  is  a  repository  for  images  and  data  from  completed 
projects.  The  user  has  the  facility  of  adding  in  customized  data  and  retrieving  it  in  a  variety  of 
ways  for  further  use  in  routine  or  innovative  design.  The  BENCHMARKS  stack  serves  as  an 
easy  access  to  lists  of  suppliers  and  services  as  well  as  references  to  literature.  Retrieval  from 
this  can  be  in  numerous  ways  and  can  be  accessed  firom  within  the  MANUFACTURING 
STAGES  stack.  The  OPTIONS  stack  serves  as  a  guide  or  map  for  the  user.  The  NDI/QC 
stack  contains  information  related  to  non-destructive  inspection  methods  and  quality  control 
procedures.  This  stack  serves  both  as  a  reference  as  well  as  an  educational  tool.  Approaches 
such  as  Statistical  Process  Control  (SPC)  and  Taguchi  methods  would  be  explained  in  this 
stack  and  it  is  envisaged  that  this  stack  would  be  used  to  link  the  team  to  a  set  of  SPC  tools 
and  software  routines  directly.  The  DISCRIMINATORS  stack  contains  information  in  the 
form  of  tables  or  graphic  charts  that  allow  the  user  (or  design  team)  to  compare  and  contrast 
different  options.  The  comparison  of  materials,  processes,  or  even  concepts  based  on 
specific  quality  metrics  allows  the  design  team  to  narrow  down  its  options  in  an  efficient 
manner.  The  use  of  this  will  be  further  elucidated  in  a  later  section.  All  the  stacks  can  be 
accessed  from  within  the  MANUFACTURING  STAGES  stack,  as  well  as  independently. 
We  will  focus  on  the  MANUFACTURING  STAGES  stack  in  further  discussions,  using  that 
as  an  example  to  elucidate  the  scheme. 


Figure  19: 


HyperCard®  based  representation  of  the  materials  transformation  process 


Figure  19  depicts  the  individual  stages  of  the  conposites  manufacturing  process  as  buttons  in 
a  row  on  tqp.  In  this  example  the  RAW  MATERIAL  option  is  highlighted  signifying  that  it  is 
being  used.  The  central  window  shows  the  alternatives  available  within  the  stage  of  the 
transformation  process  chosen.  As  would  be  necessary  for  the  selection  of  raw  materials,  the 
different  fibers  and  matrices  are  listed  in  the  central  window.  The  user  can  then  click  on  a 
specific  material  and  obtain  further  information  on  it  as  shown  in  Figure  20. 
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Figure  20:  An  example  of  the  range  of  information  retrieval  possible 


In  this  case  the  CARBON  FIBER  option  was  used,  wherein  it  is  possible  to  get  basic 
information  on  the  fiber  both  in  the  form  of  text  with  a  list  of  references,  and  through 
numeric  data  on  different  forms  of  the  fiber.  Further  information  on  suppliers  and  references 
could  be  obtained  through  the  interactive  scanning  of  the  BENCHMARKS  stacks.  An 
example  highlighting  the  use  of  supplier  information  is  given  in  Figure  21.  If  continuously 
upgraded  on  linked  to  a  commercial  materials  database,  it  is  possible  to  interface  the  stack  so 
that  current  cost  information  is  also  made  available. 


Figure  21 :  The  benchmarking  feature 
5.4  THE  DISCRIMINATOR  STACK 

Although  the  information  retrieval  process  described  in  the  previous  section  serves  as  a 
means  for  gaining  a  deeper  knowledge  about  any  step  in  the  design  process,  and  serves  as  a 
focal  point  for  the  design  team,  it  falls  short  of  aiding  in  the  discrimination  process.  Since  the 
PRP  for  a  composite  artifact  could  conceivably  follow  a  number  of  routes,  it  is  essential  that 
the  design  team  be  able  to  efficiently  discriminate  between  various  options.  However,  the 
discrimination  process  should  be  such  as  to  allow  the  team  to  view  other  options,  thus 
allowing  for  the  generation  of  new  concepts  through  the  synthesis  of  older  ones.  This  is  in 
line  with  the  method  of  "controlled  convergence"  advocated  by  Pugh  (Pugh,  1990]. 

In  many  cases  "top-level"  information  is  sufficient  to  eliminate  a  number  of  concepts  from 
further  investigation  and  consideration.  One  way  of  facilitating  this  is  through  the  use  of 
charts  as  shown  in  Figures  22,  23  and  24.  These  allow  the  user  to  quickly  scan  through 
different  options  and  deselect  those  that  do  not  meet  the  criteria  as  marked  by  the 
discriminators  (or  quality  metrics).  The  nine  metrics  used  in  these  charts  were  earlier 
identified  by  Henshaw  [Henshaw,  1989]  as  being  the  critical  process  discriminators. 
Obviously  this  list  is  not  all-inclusive,  but  does  serve  to  divide  the  set  of  all  feasible  primary 
processes  into  the  distinct  sets  of  those  that  are  viable  under  a  given  set  of  requirements,  and 
those  that  are  not. 
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Figure  22;  Discrimination  of  primary  piroccsses 

A  list  as  shown  in  Figure  24  can  either  be  viewed  by  itself  or  can  be  accessed  through 
"clicking"  on  the  appropriate  discrimination  metric  (in  this  case  -  microstructuie)  in  schemes 
as  in  Figure  22  and  23.  This  arrangement  provides  for  both  additional  screening  information 
by  itself,  as  well  as  linked  information  between  manufacturing  stages,  so  as  to  facilitate 
decision  making. 

Top  level  discriminators  such  as  the  ones  shown  in  the  exan^les  above  are  very  useful  in  the 
stages  of  concept  generation  and  synthesis.  Most  of  the  metrics  are  based  on  heuristics  rather 
than  on  models  or  simulations,  since  the  stage  of  conceptual  design  is  largely  characterized 
by  a  loosely  defined  set  of  requirements,  rather  than  a  tight  set  of  performance  attributes  and 
bounds.  The  interested  reader  is  directed  to  [Henshaw,  1989]  for  a  more  in-depth  analysis  of 
the  use  of  these  specific  discriminators. 
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Figure  23:  Discrimination  of  primary  processes 

It  is  the  authors  belief  that  the  set  of  discriminators  is  based  largely  on  the  specific 
^plication,  and  hence  the  set  would  change  somewhat  in  composition  from  the  one  depicted 
above  for  certain  applications.  As  an  example,  the  use  of  composites  as  bearing  materials  or 
in  reciprocating  parts  autonatically  adds  wear  resistance  as  an  important  discriminator. 
Figure  24  depicts  the  level  of  detail  possible  under  a  specific  discriminator,  in  this  case  - 
microstructure.  It  is  fairly  well  established  that  a  composites  manufacturing  process  can  be 
related  to  its  microstructure  through  the  attributes  of  fiber  dimension  (length  and  diameter), 
fiber  volume  fraction,  orientation  flexibility  and  tailorability,  and  part-to-part  repeatability. 
Although  not  shown  in  the  example  screen,  it  has  to  be  mentioned  that  it  is  attributes  such  as 
microstructural  flexibility  that  set  a  process  such  as  Resin  Transfer  Molding  (RTM)  apart 
from  the  others,  due  to  the  immense  opportunity  for  local  tailcMing  of  the  microstructure.  The 
availability  of  such  data  makes  it  easier  for  the  designer  to  select  from  different  options, 
keeping  not  only  design,  but  also  manufacturing,  production,  and  economic  criteria  in  mind. 
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It  is  in  the  facilitation  of  such  information  that  a  DSS  is  an  aid  to  the  concurrent  engineering 
of  advanced  materials. 
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Figure  24:  Discrimination  based  on  microstructure  related  quality  metrics 

The  previous  approach  although  helpful  is  often  not  the  most  efficient  means  of 
discrimination  at  the  concept  selection  phase.  In  this  phase  the  design  team  has  already 
generated  sufficient  concepts,  and  hence  needs  to  be  able  to  efficiently  separate  concepts, 
rather  than  further  develop  them.  The  basis  of  the  current  approach  is  in  the  fact  that  the 
problem  of  selecting  an  alternative  to  satisfy  multiple  criteria  is  far  easier  if  approached  from  a 
deselection  -  or  discrimination,  point  of  view.  The  object  of  the  exercise  then  changes  from 
one  of  selecting  the  best  alternative  to  one  aimed  at  rejecting  alternatives  that  would  not  meet 
the  broad  limit  of  specifications.  The  easiest  method  of  doing  this  is  through  the  cross- 
plotting  of  attributes  as  in  Figure  25,  and  rejecting  those  concepts  that  do  not  fall  within 
specified  bounds  that  signify  the  range  of  the  demand  profile.  It  can  clearly  be  seen  that 
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processes  1, 3,  and  5  fall  outside  the  acceptable  bounds  of  the  demand  profile  as  set  through 
parameters  1  and  2,  and  hence  can  be  rejected. 


Figure  25;  A  schematic  of  the  deselection  process 

The  deletion  of  these  reduces  the  further  analysis  to  a  smaller  number  of  concepts,  making  it 
both  easier  to  handle  their  selection,  as  well  as  making  it  cheaper  in  terms  of  time  and  money 
expended  on  the  process. 

Discrimination  between  close  calls  would  then  involve  more  detailed  analysis,  and  in  the 
case  of  actual  design  alternatives,  it  would  be  feasible  to  conduct  a  more  thorough 
investigation  on  the  remaining  few  concepts.  In  the  case  of  structures,  a  full  scale  finite 
element  analysis  could  be  run  on  the  few  remaining  analyses,  rather  than  on  all  the  concepts 
generated  by  the  team,  thus  providing  for  a  more  efficient  and  economical  use  of  time  and 
funds.  Through  the  use  of  such  DSS  tools  it  is  possible  to  make  efficient  use  of  facilities  and 
budgets.  A  key  ingredient  in  the  deselection  process  is  the  representation  of  knowledge  such 
that  discrimination  becomes  an  automatic  process.  The  choice  of  discriminators  is  thus  of 
great  importance  and  forms  the  basis  for  the  DSS. 

Figure  26  depicts  an  example  of  the  discrimination  of  primary  processes  based  on  the  metrics 
of  shape  complexity  and  microstructural  control.  Similar  ideas  are  shown  in  Figure  27  for  a 
different  set  of  metrics,  and  in  Figure  28  for  the  deselection  of  tooling  materials  for  Liquid 
Molding. 


Figure  28:  Deselection  of  tooling  materials  for  RTM 


A  similar  scheme  is  also  applied  to  the  selection  (or  rather  of  deselection)  of  forming 
processes  based  on  the  attributes  of  geometric  complexity  and  size  (Figure  29). 
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Figure  29:  Relative  applicability  of  forming  processes  (courtesy  of  Dr.  A  J.  Smiley) 
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The  graphic  pertains  to  the  use  of  sheet-forming  processes  after  the  selection  of  continuous 
fiber  reinforced  thermoplastic  prepreg  tape  (APC-2  in  this  case)  was  already  made.  Thus  the 
primary  material  form  had  been  selected  {Figure  17),  and  figure  29  is  merely  the  next  step  in 
the  discrimination  phase.  The  diagram  illustrates  the  utility  of  heuristics  in  the  selection  of 
processes  such  as  sheet-forming,  that  are  still  not  completely  understood.  An  indepth 
assessment  of  the  applicability  of  each  process  is  given  in  [Smiley  and  Schmitt,  1991]. 
Traditionally  such  data  has  been  available  in  tabular  form  making  it  inherently  difficult  for  the 
design  team  to  appreciate  the  level  of  similarity  or  difference  between  two  concepts.  This  is 
however,  strikingly  highlighted  through  the  use  of  discrimination  charts  such  as  in  Figures 
26-29.  An  added  feature  of  such  a  DSS  is  that  it  is  possible  to  allow  the  user  access  to  further 
information  on  a  process  (or  concept)  by  "clicking"  (i.e.  accessing  hidden  information)  on 
the  concept  itself  as  listed  on  the  stack.  This  information  includes  a  brief  description  of  the 
process  and  could  also  include  warnings  related  to  the  applicability  and  other  such  factors 
specific  to  the  design  team.  Traditionally  such  information  would  have  to  be  searched  for 
using  handbooks  or  the  "local  expert."  The  DSS  makes  such  information  readily  accessible  in 
a  convenient  format,  thus  serving  both  as  a  decision  supporting,  and  educational  tool. 
Obviously  for  parts  of  large  size  and  medium  geometric  complexity  double  diaphragm 
forming  would  be  chosen  over  methods  such  as  hydroforming  or  rubber  block  pressing. 


Figure  30: 


The  complete  deselection  process  using  HyperCard®  based  stacks 


For  the  efficient  selection  of  concepts  (be  they  related  to  matcriais  or  processes)  it  is  useful  to 
be  able  to  view  data  in  terms  of  a  set  of  pairwise  comparisons.  Obviously  it  is  of  considerable 
interest  to  view  the  options  simultaneously  so  as  to  be  able  to  determine  the  optimum  choices 
based  on  a  number  of  criteria.  A  schemadc  of  this  is  shown  in  Figure  30  for  the  selection  of 
fibers.  Criteria  such  as  shear  moduli,  tensile  moduli  and  coefficient  of  thermal  expansion  are 
compared  to  the  fiber  strength,  whereas  strength,  cost  and  diameter  can  be  compared  in 
relation  to  each  other  as  against  the  coefficient  of  thermal  expansion.  Such  a  scheme  lends 
flexibility  to  the  materials-process  selection  stage,  allowing  the  user  or  design  team  the  luxury 
of  simultaneously  reviewing  the  performance  of  a  number  of  options  based  on  a  variety  of 
criteria. 


Figures  31*34  present  the  cross-plotting  of  processes  based  on  five  selection  criteria.  In  all 
these  the  letters  TS  stand  for  "thermoset",  and  TP  for  "thermoplastic".  The  criteria  of  tooling 
cost,  pan  complexity,  repeatability  and  level  of  waste  axe  plotted  against  a  common  metric  - 
production  rate. 
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Figure  3 1 :  Deselection  of  processes  based  on  tooling  costs  and  production  rate 

These  are  among  the  metrics  which  are  not  as  readily  quantifiable  as  others  such  as  cycle  time 
and  pressure.  However,  they  are  often  better  discriminators.  They  also  arc  primarily  used  as 
production  and/or  economic  criteria  on  the  basis  of  which  a  specific  process  would  be 
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selected.  Obviously,  the  rankings  are  heuristic  and  based  on  judgement,  but  they  do  serve  as 
guides  for  the  engineer  or  design  team.  For  the  basis  of  comparison  the  processes  were 
ranked  on  a  1-10  scale  with  1  subjectively  being  the  lowest  and  10  the  highest  or  best.  As  an 
example,  under  tooling  (Figure  31),  1  would  represent  no  need  for  tooling,  whereas  10 
would  represent  the  equivalent  cost  of  a  tool  for  injection  molding. 
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Figure  32:  Deselection  of  processes  based  on  part  complexity  and  production  rate 


Similarly  a  level  of  1  in  Figure  32  represents  the  complexity  of  a  flat  plate,  whereas  10  would 
be  representative  of  a  integrated  three  dimensional  structure.  The  level  of  waste  reuse  is  an 
indicator  of  the  efficiency  of  usage  of  the  material  systems  in  a  specific  process.  A  level  of  10 
represents  a  process  in  which  almost  all  waste  is  reusable,  whereas  a  level  1  process  would 
be  one  wherein  the  product  quality  would  be  such  that  rework  and/or  a  high  rejection  rate  is  a 
normal  fear. 


Based  on  these  four  figures,  it  is  possible  for  the  design  team  to  arrive  at  conclusions  in 
regard  to  deselecting  (i.e.,  dropping  from  consideration)  a  number  of  non-viable  processes 
very  early  in  the  design  stage.  This  not  only  saves  time  and  money,  but  also  allows  the 
designer  (or  design  team)  to  focus  on  the  really  important  and  viable  concepts.  The  visual 
process  also  provides  a  tool  whereby  it  is  possible  to  justify  why  a  concept  was  dropped  or 
to  specify  the  lack  of  perfonnance  based  on  specific  criteria  by  the  rejected  concept 
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igurc  33:  Deselection  of  processes  based  on  level  of  waste  reuse  and  production  rate 
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Figure  34;  Deselection  of  processes  based  on  process  repeatability  and  production  rate 


This  is  not  possible  in  a  traditional  computer  based  materials  and/or  process  selection  scheme 
where  deselection  is  done  on  the  basis  on  preset  and  very  rigid  bounds.  This  has  often  led  to 
the  exclusion  of  a  concept  merely  on  the  basis  of  its  having  failed  the  bound  test  by  a  fraction 
of  a  percent,  even  though  its  performance  with  regard  to  other  key  selection  criteria  was 
exemplary. 


6.  CASE  STUDIES 

6.1  UTILITY  OF  THE  COMPOSITES  MANUFACTURING  GUIDE 
The  utility  of  the  CMG  can  perhaps  best  be  described  by  showing  its  application  to  real- 
world  composites  design  projects.  The  following  examples  show  how  the  CMG  is  applied 
to  several  projects  of  interest  to  the  U.S.  Army  Missile  Command  (MICOM).  These 
examples  are  designed  to  show  how  a  user  (or  group  of  users)  might  use  the  CMG  in  the 
conceptual  stages  of  a  composites  development  project.  The  CMG,  like  any  HyperCard 
application,  is  best  explored  in  real  time  on  the  computer.  It  is  difficult  to  capture  the  flavor 
of  a  session  with  the  CMG  on  paper.  Nevertheless,  the  following  examples  are  presented  to 
show  the  utility  of  the  system. 

6.1a  TGSM  Wingform 

The  TGSM  (terminally  guided  submunition)  wingfoim  is  a  wing-like  device  that  folds  into  a 
small  package  fw  storage  within  a  larger  delivery  vehicle.  When  the  TGSM  is  deployed,  the 
wingforms  (four  per  TGSM)  deploy  into  their  open,  wing-like  position,  allowing  the  TGSM 
to  fly.  The  presence  of  four  separate  wingforms  per  TGSM  results  in  a  large  number  of 
individual  components  and  manufacturing  operations  for  each  TGSM.  The  TGSM  project  is 
currently  in  an  advanced  state  of  development.  A  prototype  exists  that  has  been  tested  and 
found  to  perform  its  mission  very  well.  Thus,  any  modifications,  including  the  use  of 
composite  materials  for  any  of  the  components,  would  have  to  preserve  those  performance 
characteristics.  Incentives  to  modify  the  system  (i.e.,  to  consider  the  use  of  composites) 
include  the  potential  to  save  weight,  the  potential  to  reduce  fabrication  costs,  and  the  potential 
to  improve  performance. 

The  system  as  currently  designed  includes  a  set  of  stamped,  bent,  and  machined  aluminum 
leading  edges  and  lamellae  for  each  TGSM  wingform.  When  the  TGSM  is  stored,  the 


leading  edges  and  lamellae  are  packaged  inside  a  hollow  strake,  which  is  machined  from 
aluminum.  The  TGSM  system  as  it  currently  exists  performs  its  mission  well.  A  number  of 
concepts,  however,  might  be  employed  to  improve  the  system,  in  terms  of  system  weight, 
costs,  schedule,  performance,  and  packaging.  Perhaps  the  simplest  concept  involving 
composites  would  be  to  simply  su'  stitute  composites  into  the  current  system  without  a 
radical  redesign.  Because  of  the  nature  of  composites,  some  redesign  would  be  necessary 
both  to  take  advantage  of  the  special  properties  of  composites  and  their  unique  manufacturing 
methods,  but  the  basic  TGSM  system  (i.e.,  four  wingforms  that  fold  into  a  strake)  would  be 
left  as  intact  as  possible.  Other  more  radical  concepts  might  include  redesigns  that  would  cut 
the  number  of  wingforms  from  four  to  three  or  two,  changing  the  configuration  cf  the 
wingforms,  changing  from  a  folding  lamellar  wingform  to  a  fabric  or  inflatable  fabric 
wingform,  and  so  on.  The  point  is  that  the  simple  composites  concept  is  just  one  possible 
way  to  improve  the  existing  system.  This  provides  a  good  example  of  the  utility  of  the 
CMG. 

At  this  point,  the  CMG  may  be  brought  into  play  to  aid  in  the  decision  process  for  the  simple 
composites  concept  described  above.  The  following  component  parts  of  the  TGSM  arc 
considered:  the  strake  into  which  the  wingforms  fold,  the  leading  edge  of  the  wingform,  the 
lamellae  that  make  up  the  remainder  of  the  wingform,  and  the  fin  that  acts  as  a  stabilizer  for 
the  TGSM  behind  the  wingform.  Some  of  these  parts  are  shown  schematically  below  in 
Figure  35.  The  leading  edge  of  the  wingform  is  on  the  order  of  one  foot  long;  each  of  the 
lamellae  is  progressively  shorter.  The  maximum  wall  thickness  of  each  of  these  parts  is  less 
than  1/2  inch. 


Figure  35  -  Schematic  of  several  coii^ncnts  of  TGSM  wingfam 


The  primary  manufacturing  processes  available  to  the  composites  design  team  arc  shown  in 
the  Manufacturing  Stages  stack  of  the  CXjM  within  the  "Primary  Process"  stage.  Clicking 
on  the  Primary  Process  button  leads  to  the  Discriminators  stack.  Specifically,  the  user  is 
shown  a  matrix  wherein  each  primary  process  is  considered  in  terms  of  a  number  of 
discriminators,  or  parameters  that  allow  the  deselection  of  various  alternatives  in  favor  of 
others.  In  many  cases,  "top  level"  information  of  this  type  is  sufficient  to  eliminate  from 
consideration  several  options.  For  example,  in  the  case  of  the  leading  edge  and  lamellae  of 
the  TGSM  wingform,  it  can  be  seen  (Figure  36)  that  winding  processes  are  an  unlikely  fit, 
since  the  parts  in  question  are  not  surfaces  of  revolution. 
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Figure  36  -  Sample  card  from  "Discriminators"  stack  showing  matrix  of  three  processes  and 

eight  discriminators 

Important  information  about  other  processes  that  cannot  be  so  easily  deselected  is  also 
available.  For  example,  the  user  may  note  that  in  terms  of  many  of  the  discriminators,  three 
primary  processes;  RTM,  injection  molding,  and  hand  layup  appear  to  be  feasible.  The 
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"number  of  parts"  parameter  is  one  case  in  which  the  user  can  use  the  CMG  to  discriminate 
among  these  processes.  By  clicking  on  Number  of  Parts  in  the  left  hand  column  (Figure 
36),  the  user  is  shown  tabular  and  graphical  comparisons  of  the  economic  production  limits 
of  the  various  primary  processes  (Figure  37).  The  user  must  then  consider  the  application 
itself  in  terms  of  the  anticipated  production  run.  In  this  case,  a  short  run  would  tend  to  favor 
the  labor  intensive  hand  layup  process  (HL  in  Figure  37),  while  a  longer  run  would  favor  the 
scmi-autoraated  RTM  process.  A  very  large  run  would  favor  the  highly  automated  injection 
molding  process  (IM  in  Figure  37).  If  it  is  decided  that  annual  production  rates  are  large 
enough  to  deselect  the  hand  layup  process,  the  user  may  continue  to  use  the  CMG  to  dig 
further  into  the  RTM  and  injection  ntolding  options. 


Manufacturing  Praeeaa 

Production  Limits 


Figure  37  -  Composites  Primary  Processes  versus  economic  production  limits  (shown  on  log 
scale  of  annual  production  in  number  of  parts) 


To  this  end  there  are  of  course  other  parameters  that  discriminate  among  these  processes. 
The  RTM  and  injection  molding  processes  vary  greatly  in  terms  of  their  ability  to  produce 
"high  performance"  material  properties.  By  clicking  on  the  Microstructure  bunon,  shown 
in  the  left  hand  column  of  Figure  36,  the  user  is  given  more  detailed  information  about  the 
fiber  volume  fractions,  lengths,  and  orientations  that  each  process  can  produce,  as  well  as 
information  on  the  part-to-part  repeatability  of  the  process.  Figure  38  shows  an  example  of 
this  data  for  the  injection  molding  and  RTM  processes.  (As  with  the  number  of  parts 
information,  this  data  may  also  be  viewed  graphically.)  It  can  be  seen  that  the  injection 


molding  process  is  limited  to  discontinuous  fibers  and  to  fiber  volume  fractions  of  0.45 
maximum.  The  RTM  process  is  flexible  enough  to  accommodate  either  continuous  or 
discontinuous  fibers  and  can  produce  parts  with  very  high  fiber  volume  fractions.  Thus,  the 
two  processes  may  be  discriminated  by  their  microstructural  abilities.  The  user  must  once 
again  consider  the  application,  and  whether  the  microstructural  limitations  of  injection 
molding  can  be  overcome  through  innovative  part  design.  This  latter  consideration  is 
currently  beyond  the  scope  of  the  CMDG.  As  the  CMDG  continues  to  evolve,  these  kinds  of 
design/manufacturing  tradeoffs  will  be  addressed  in  more  and  more  detail. 
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Figure  38:  Microstructure  information  on  RTM  and  Injection  Molding  processes 

The  CMDG  as  described  herein  does  not  perform  reasoning  (artificial  intelligence)  on  the 
various  stages,  options  within  stages,  or  discriminators  among  options.  It  presents  the 
pertinent  data  and  leaves  the  user  to  draw  conclusions  from  that  data.  It  is  expected  that  with 
the  use  of  the  current  methodology  and  information  in  the  CDMG,  a  further  extension  in  the 
form  of  a  design  assistant  would  be  the  next  plausible  step  to  be  undertaken.  This  will  enable 
the  reasoning  to  be  conducted  electronically  on  the  basis  of  available  information,  thereby 
giving  the  team  not  only  information,  but  also  optitMis  fcH*  the  design  itself. 


6.1b  RNT-5  Turbojet  Engine 

The  RNT-5  is  an  unmanned  jet  propelled  flying  vehicle.  The  turbojet  engine  of  the  RNT-5 
contains  several  components  that  could  be  considered  for  composites  redesign.  These 
include  the  two  engine  inlet  ducts,  the  airframe  body,  and  the  internal  rails  on  which  various 
internal  components  are  slide-mounted.  These  components  are  shown  schematically  in 
Figure  39. 


The  two  identical  engine  inlets  are  parts  whose  complex  shape  probably  precludes  any 
consideration  of,  for  example,  winding  or  pultrusion  processes.  Quick  consultation  with  the 
CMG  reveals  that  the  only  two  processes  likely  to  produce  such  a  complex  "casting"  type 
shape  are  RTM  and  injection  molding.  Assuming  that  the  user  determines  that  injection 
molding  is  unlikely  to  deliver  the  necessary  performance,  a  more  thorough  examination  of  the 
RTM  option  might  be  considered.  The  Discriminators  stack  could  be  used  to  determine  the 
discriminators  at  each  stage  (up  to  this  point  in  this  and  the  previous  example,  only  the 
primary  process  stage  has  been  considered).  For  example,  to  determine  the  discriminators  in 
the  tooling  stage  of  manufacturing,  the  user  would  go  to  the  tooling  card  in  the  manufacturing 
process  stage,  and  click  on  Tooling  above  the  options  field.  Figure  40  shows  the  top 
portion  of  the  destination  card  in  the  discriminators  stack.  Note  that  the  list  of  discriminators 
for  the  tooling  stage  is  different  from  the  list  shown  in  Figure  36  for  the  primary  process 
stage.  In  similar  fashion  to  the  process  described  for  the  TGSM  example  for  primary 
processes,  the  user  can  explore  the  options  and  discriminators  for  the  tooling  stage  of 
manufacture.  For  the  current  example,  the  user  might  wish  to  determine  which  tooling 
processes  are  compatible  with  RTM,  what  subset  of  those  processes  should  be  considered 


for  prototyping  as  opposed  to  production,  and  which  suppliers  are  available  to  provide 
various  types  of  RTM  tooling.  This  information  is  readily  available  from  the  CMG. 
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Figure  40  -  Discriminators  for  the  tooling  stage  of  composites  manufacture 

The  CMG  could  likewise  be  consulted  regarding  the  airframe  body  and  rails.  Options  and 
discriminators  for  primary  processes,  tooling  and  other  stages  are  readily  determined, 
guiding  the  design  team  quickly  towards  detailed  consideration  of  the  vital  few  manufacturing 
process  concepts  that  it  should  be  considering  in  greater  detail. 


6.2  QUALITY  CONTROL 

Although  it  is  fairly  easy  for  the  design  team  using  the  CMDG  as  outlined  in  the  examples 
above,  to  reach  a  decision  as  to  which  material  system,  configuration  and/or  process  is  best 
suited  for  a  specific  task,  there  is  no  way  to  assure  that  quality  would  be  built  into  the  design. 
Also,  since  every  manufacturing  process  is  largely  dependent  on  the  actual  equipment  used, 
there  is  a  need  to  verify  that  a  chosen  opdon  is  viable  under  the  speciflc  conditions  prevalent 
at  a  site.  The  following  example  describes  the  use  of  the  TAGUCHl  method  for  the 
determination  of  critical  parameters  after  the  CMDG  was  used  to  determine  that  RTM  would 
be  the  most  appropriate  process  for  the  customers  requirement.  The  CMDG  was  also  used  to 
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detcnnine  that  the  use  of  flat  plaques,  rather  than  other  more  complex  shapes  would  be 
sufficient  to  get  the  required  information  efficiently  using  experimental  means. 

6.2a  USE  OF  TAGUCHI  METHODS 
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Figure  41 :  The  evolution  of  quality  control 


Now,  more  than  ever  before,  processing  costs  and  problems  of  repeatability  can  stall  new 
composite  programs  right  at  the  profit  line.  Marginal  improvements  in  the  contred  of  composites 
manufacturing  prciccsses,  although  useful  in  the  shoi  term,  wiU  not  provide  the  needed  levels 
of  quality,  reliability  or  economy  of  production.  Figure  41  depicts  the  shift  in  approaches  used 
to  ensure  product  quality  as  a  function  of  time.  Taguchi  methods  belong  to  the  class  of 
approaches  that  attempt  to  ensure  quality  through  design,  in  this  case  through  the  identification 
and  control  of  critical  variables  {at  noises)  that  cause  deviations  to  occur  in  the  process^roduct 
quality. 


Lately,  great  importance  has  been  placed  on  building  quality  control  into  the  manufacturing 
operation.  This  has  led  to  the  emergence  of  the  developing  field  of  intelligent  manufacturing  for 
composites.  The  aim  of  intelligent  manufacturing  is  to  use  immediate  feedback  to  achieve  the 
direct  control  of  product  characteristics.  This,  however,  requires  that  a  comprehensive  set  of 
models  are  available  so  that  each  step  of  materials  transformation  during  processing  is 
understood  and  hence  can  be  controlled  through  the  use  of  appropriate  control  systems.  There 
is,  however,  an  immediate  need  for  methodologies  and  approaches  that  would  allow  for  the 


identification  of  the  process  window  within  which  the  process  is  largely  insensitive  to  local 
variations  in  raw  material  quality,  process  settings,  and  the  environment.  Traditionally,  process 
R&D  has  been  conducted  on  a  trial  and  error  basis,  leading  to  a  considerable  lag  time  and 
expenditure  in  defining  efficient  process  windows,  and/or  improving  the  robustness  of  the 
processes  through  the  identification  of  critical  process  parameters.  Whereas  it  is  often  possible 
to  speed  up  this  activity  for  mature  technologies  and  processes  for  which  a  considerable 
knowledge  base  exists,  it  is  close  to  impossible  for  emerging  technologies  such  as  RTM. 


Figure  42:  A  comparison  of  methodologies 

Taguchi  methods,  developed  by  Dr.  Genichi  Taguchi,  refer  to  techniques  of  quality 
engineering  that  embody  both  statistical  process  control  (SPC)  and  new  quality  related 
management  techniques.  Most  of  the  attention  and  discussion  on  Taguchi  methods  has  been 
focussed  on  the  statistical  aspects  of  the  procedure,  it  is  the  conceptual  framework  of  a 
methodology  for  quality  improvement  and  process  robustness  that  needs  to  be  emphasized. 
The  entire  ccmcept  can  be  described  in  terms  of  two  basic  ideas; 

1)  Quality  should  be  measured  by  the  deviation  from  a  specified  target  value,  rather  than  by 
ctmformance  to  preset  tolerance  limits,  and 

2)  Quality  cannot  be  ensured  through  inspection  and  rework,  but  must  be  built  in  through  the 
appropriate  design  of  the  process  and  product. 


5  9 


The  first  concept  underlines  the  basic  (hfference  between  Taguchi  methods  and  statistical 
process  control  (SPC)  methodology.  Whereas  SPC  methods  emphasize  the  attainment  of  an 
attribute  within  a  tolerance  range  and  are  used  to  check  product/^rocess  quality,  Taguchi 
methods  emphasize  the  attainment  of  the  specified  target  value  and  the  elimination  of  variation 
(Figure  42).  In  conjunction  with  the  second  concept,  this  assumes  great  significance  for 
composites  manufacturing  since  Taguchi  methods  emphasize  that  control  factors  must  be 
optimized  to  make  them  insensitive  to  manufacturing  transients  through  design,  rather  than  by 
trial  and  error.  SPC  allows  for  faults  and  defects  to  be  eliminated  (if  detected)  after 
manufacture,  whereas  what  is  really  needed  is  a  methodology  that  prevents  their  occurrence  - 
in  this  case,  the  methodology  is  the  use  of  Taguchi  methods.  This  then  presents  a  powerful 
tool  fn-  composites  processing  within  which  there  is  an  inhoent  variability  due  to  raw  material 
quality  and/or  noise  in  the  process  environment  itself  Thickness  variation  in  prepreg,  local 
areas  of  poorly  consolidated  material  in  thermoplastic  filament  winding,  and  areas  of  poor 
wet-out  in  resin-transfer  molding  are  just  examples  of  material  and  process  induced 
sensitivity.  Within  the  focus  of  this  paper  we  shall  concentrate  on  the  application  to  the  RTM 
process. 


Through  the  proper  design  of  a  system,  the  process  can  be  made  insensitive  to  variations,  thus 
avoiding  the  costly  eventualities  of  rejection  and/or  rework.  In  order  to  determine  and 
subsequently,  minimize  the  effect  of  factors  that  cause  variation,  the  design  cycle  is  divided 


into  three  phases  of  System  Design,  Parameter  Design,  and  Tolerance  Design,  as  depicted  in 
Figure  43. 
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Figure  43:  Stages  in  the  design  cycle 


It  is  the  second  phase  that  we  are  considering  in  this  investigation.  This  is  done  through 
intelligent  and  effective  use  of  experimental  design  and  statistical  techniques  with  the  intent  of 
identifying  factors  causing  variation  in  output  characteristics,  and  then  designing  the  process  in 
a  way  such  that  these  are  insensitive  to  variation.  Taguchi  proposed  new  methods  of  using 
statistically  planned  experiments  [Taguchi,  1987]  by  classifying  variables  into  design 
parameters  and  noise.  The  design  parameters  are  those  whose  levels  can  be  chosen  in  advance 
and  controlled  through  the  process.  Noise  comprises  those  variables  that  cause  output 
characteristics  to  deviate  from  their  targets. 


EXTERNAL 

■ 

INTERNAL 

■ 

PRODUCT-TO- 

NOISE 

■ 

NOISE 

■ 

PRODUCT  NOISE 

Variations  in  the 
operating 
environment 
•  temperature 
-  humidity 

Human  error 


Deterioration 
•  wearing  out  of 
parts  by  lack  of 
maintenance 


Process  induced 
imperfections 

-  due  to  variation 
in  settings 

-  variations 
between  suppliers 


Figure  44:  Types  of  noise 


Thus  anything  that  could  conceivably  cause  a  quality  characteristic  to  deviate  from  its  target  is 
classified  as  noise.  Variation  in  yam  bundle  diameters,  local  variation  in  binder  content,  minor 
changes  in  stroke  characteristics  of  the  injection  equipment  could  thus  be  sources  of  noise 
within  the  RTM  process.  The  objective  of  Taguchi  methods  is  not  the  control  of  nuisance 
variables,  but  in  making  the  process  insensitive  to  them.  The  design  variables  are  arranged  in  a 
matrix  for  experimental  design.  This  is  often  termed  as  the  "inner  array."  The  noise  factors 
form  the  "outer  array”  and  combinations  of  the  two  matrices  define  a  complete  Taguchi  test. 
For  the  purposes  of  the  current  investigation,  only  the  design  matrix  (or  inner  array)  is  used.  It 


must  be  stressed  that  one  of  the  primary  motivations  for  using  the  Taguchi  arrays  is  to 
concentrate  on  the  effects  of  variables,  and  to  neglect  second  and  third  order  interactions 
between  them.  The  interested  reader  is  referred  to  the  excellent  articles  by  Kacker  [1986], 
Taguchi  and  Clausing  [1990]  and  Barker  [1986]  for  further  details  on  the  philosophy  and 
methodology  associated  with  this  approach. 

The  RTM  Process 

Resin  Transfer  Molding  (RTM)  is  a  versatile  and  efficient  process  that  is  gaining  popularity  in 
the  automotive,  aerospace,  and  sporting  goods  industries  due  to  its  potential  for  forming  near 
net  shape  parts  with  highly  tailorable  reinforcement,  in  a  fairly  repeatable  manner,  at  a  low 
capital  investment  in  comparison  with  other  conpedng  processes  such  as  automated  layup  and 
filament  winding.  Conceptually,  RTM  is  a  fairly  simple  process.  It  begins  with  the 
reinforcement  in  the  form  of  dry  (unimpregnated)  HbersA’oving  being  oriented  and  shaped  into 
a  preform,  that  acts  as  a  skeleton  of  the  actual  part  The  preform  is  then  loaded  into  a  tool.  After 
closure  of  the  tool,  a  low  viscosity,  reactive  resin  system  is  injected,  which  impregnates  the 
preform  prior  to  gelation.  Next,  the  entire  part  is  cured,  and  once  it  has  attained  sufficient  green 
strength,  is  removed  from  the  tool.  Although  the  basic  process  has  been  in  existence  for 
decades,  it  is  only  of  late  that  there  has  been  an  interest  in  it  from  the  advanced  composites 
community,  raising  a  clamor  for  a  science  base  and  understanding  of  the  process  itself.  It  is 
still  a  very  immature  technology,  and  is  hence  an  ideal  candidate  for  the  use  of  the  Taguchi 
method  in  the  identification  of  control  variables,  and  the  optimization  of  the  process  window 
and  parameters  ^sociated  with  ensuring  robustness  of  the  process. 

The  variables  associated  with  the  quality  of  the  final  part  range  from  those  related  to  the 
preform  and  resin,  to  those  related  to  the  tool  itself,  as  well  as  to  the  equipment  and  methods 
used  in  processing.  The  variables  associated  with  the  preform  reinforcement  include  the 
fiber/roving  diameter,  fabric  architecture  (Continuous  strand  mat,  plain  weave,  unidirectional, 
multi-axial  etc.),  binder  type  and  amount,  sizing,  and  density.  There  is  considerable  evidence 
that  reinforcement  material  manufactured  by  different  companies,  even  though  rated  as  being 
the  same  in  all  respects  behave  very  differently  in  areas  such  as  wet-out,  compatability,  and 
mechanical  properties  [Johnson  and  Houston,  1990].  The  tool  itself  is  a  source  of  considerable 
variation  in  part  quality  through  factors  such  as  tool  surface  finish,  sealing  mechanisms, 
venting  and  gating  arrangements,  and  heating  and  cooling  arrangements.  It  should  however  be 
remembered  that  the  tool  itself  forms  a  significant  fraction  of  the  cost  involved  with  the  use  of 
the  RTM  process,  and  hence  most  of  these  variables  are  design  variables,  rather  than  process 
variables,  since  they  have  to  be  considered  primarily  during  tool  fabrication.  The  resin  system 


itself  can  be  the  source  of  a  number  of  variables  related  to  viscosity,  wet-out  and  cure.  The 
formulation  of  the  system  is  a  critical  stage  and  minor  variations  in  the  ratios  of  additives  and 
catalyst  used  can  significantly  influence  the  processing  cycle  most  notably  through  the  gel  time 
and  degree  of  cure.  The  process  of  injection  as  well  as  the  injection  pressure  used  are  very 
important  as  they  can  have  a  deleterious  effect  on  performance  if  the  procedure  results  in 
considerable  wash  or  actual  damage  to  the  preform  structure  and/or  material  itself. 

Experimental  details 

Based  on  prior  experience  of  the  investigators  as  well  as  on  the  potential  for  control  of 
parameters,  a  list  of  seven  material  and  process  related  variables  were  chosen  at  two  levels  each 
for  the  current  investigation  as  listed  in  Table  2. 


Factor 

Level  1 

Level  2 

Preform  material  type 

A 

B 

Number  of  Layers 

3 

5 

Stroke  Length  (inches) 

3.5 

6 

Gating  arrangement 

Center 

Comer 

Injection  Pressure  (psi) 

40 

75 

Shot  type 

Single 

Continuous 

Tool  Temperature  ('F) 

Room  (70*) 

120* 

TABLE  2:  Control  factors  and  their  levels 

In  order  to  include  effects  due  to  material  variability,  two  varieties  of  continuous  strand  mat 
were  obtained  from  two  different  suppliers.  Both  materials  were  nominally  the  same  being 
comprised  of  E-glass  at  1.5  oz/sq.  ft.  However,  based  on  measurements  of  binder  content  on 
another  grade  of  the  same  "set  of  materials  it  was  found  that  one  had  as  much  as  double  the 
binder  content.  The  materials  will  hereafter  be  referred  to  as  A  and  B.  Since  the  effects  of 
compressibility  and  permeability  are  coupled,  it  was  also  decided  to  use  two  levels  of  fiber 
volume  Iraction,  nominally  taken  to  be  represented  through  the  use  of  3  or  5  layers  of 
reinforcement  within  a  space  of  1/8  inch.  A  vinyl-ester  (Derakane  411-C50)  resin  system  was 
used  for  this  experiment  and  was  formulated  as  2  parts  of  Trigonox  R-239A  and  0.5  parts  of 
NL51P  (6%  Co)  to  100  parts  of  the  resin.  The  typical  gel  time  for  this  system  was  20  minutes 
at  20°C,  and  it  possessed  a  viscosity  of  approximately  100  cps  at  25*C  (77°F).  Injection  of  the 
resin  system  was  achieved  through  the  use  of  Liquid  Control  injection  equipment  with  a 


positive  displacement  pump  driven  via  a  pneumatic  cylinder  arrangement.  Use  of  this  allowed 
for  control  over  injecdon  pressure  as  weii  as  the  amount  of  resin  dispensed  during  one  stroke 
of  the  piston.  Two  pressures,  40  and  75  psi,  were  used  with  this  equipment.  The  use  of  a 
variable  related  to  the  mode  of  injection  used  with  the  equipment  (single  shot  versus 
continuous)  was  included  to  investigate  the  effect  of  machine  and  human  elements  in  the 
process.  Gt  subsequently  however  concluded  that  for  the  mechanical  properties  determined 
this  had  a  negligible  effect).  The  shot  size  is  contrr  Med  by  the  stroke  length  of  the  pistons  used 
in  the  pump.  The  length  of  the  stroke  determines  the  forward  movement  of  the  piston  and 
hence  the  dispensed  volume  of  the  resin  system.  It  is  inherently  obvious  that  a  shorter  stroke 
length  would  result  in  smaller  quantities  of  resin  being  injected  into  the  tool,  thereby  needing  a 
larger  number  of  strokes  to  fill  the  tool.  An  important  factor  linked  to  the  choice  of  the  stroke 
length  is  related  to  the  pulsating  form  of  injection  that  is  typical  of  such  injection  equipment. 
The  use  of  a  shorter  stroke  results  in  shorter  cycles  and  thus  a  smaller  overall  pressure  drop 
between  the  beginning  of  one  stroke  and  the  next  as  well  as  a  shorter  time  span  associated  with 
this  differential.  Two  stroke  lengths,  3.5  inches  and  6  inches,  were  selected  for  this 
experiment.  The  latter  represents  the  maximum  possible  stroke  length  for  the  specific  injection 
equipment  used,  whereas  the  former  was  chosen  as  being  at  the  lower  end  of  one  of  the 
specific  limits  of  injection  pressure  (40  psi)  already  chosen.  Injection  was  done  through  a 
central  sprue  or  through  one  comer  as  depicted  schematically  in  Figure  45. 

Section 


Plan 

Center  Injection  Corner  Injection 

Figure  45:  Schematic  of  the  gating  arrangements  used 


Two  values  of  tool  temperature,  70*F  (nominally  taken  to  represent  a  controlled  room 
temperature),  and  120*F  were  selected.  Care  was  taken  to  ensure  that  the  temperature  stabilized 


on  both  tool  halves  at  the  required  level  before  use.  The  temperature  settings  were  accurate  to 
within  ±3’F. 

The  chosen  parameters  were  arranged  in  matrix  form  using  an  Lg  Taguchi  array,  that  allowed 
the  investigation  of  the  7  factors  through  eight  experiments.  The  actual  settings  are  shown  in 
Table  3,  which  the  discerning  reader  will  recognize  as  being  identical  to  the  one  used  by 
Taguchi  in  the  Ina  Seito  tile  experiment  [Taguchi,  1986]. 


Expt. 

No. 

CoSM 

Type 

Number 

of 

Layers 

Pump 

Stroke 

Length 

(inches) 

Gating 

Type 

Pressure 

(psi) 

Shot 

Type 

Tool 

Temp 

CF) 

1 

A 

3 

3.5 

Center 

40 

70 

2 

A 

3 

3.5 

Comer 

75 

Cont. 

120 

3 

A 

5 

6 

Center 

40 

Cont. 

120 

4 

A 

5 

6 

Comer 

75 

70 

5 

B 

3 

6 

Center 

75 

120 

6 

B 

3 

6 

Comer 

40 

Cont. 

70 

7 

B 

5 

3.5 

Center 

75 

Cont. 

70 

8 

B 

5 

3.5 

Comer 

40 

120 

TABLE  3:  The  Orthogonal  array  design  for  the  actual  experiment 

It  is  to  be  noted  that  the  array  is  such  that  the  columns  are  orthogonal,  each  of  the  possible 
combinations  of  variable  levels  occurring  twice  in  any  given  pair  of  columns.  Moldings  were 
produced  in  the  form  of  flat  plaques  9"  x  9"  in  size  ar.d  1/8"  in  thickness.  Once  molded  the 
plaques  were  post  cured  at  200*F  for  3  hours  as  per  suggestion  from  the  resin  supplier.  The 
plaques  were  then  cut  using  a  diamond  edged  blade  to  form  coupons  for  open  hole  tension,  and 
flexure  tests. 

Results  and  discussion 

The  open-hole  tension  specimens  used  were  1"  wide  with  a  0.25"  hole  drilled  in  the  center. 
Specimens  were  untabbed,  and  failed  uniformly  from  the  hole.  A  cross  head  speed  of  0.05 
in/min  was  used  for  all  specimens  tested  in  tension.  Half  inch  wide  specimens  were  used  for  4- 
point  flexure  testing  following  the  set-up  given  in  ASTM  D  790-86.  The  support  span  was  4 


inches  with  the  load  span  being  2  inches,  loaded  at  a  uniform  cross-head  speed  of  0.2  in/min. 
The  results  of  the  analysis  of  variance  (ANOVA)  conducted  is  shown  in  Table  4. 


Factor 

Open  Hole  Tension 

4  point  Flexure 

Choice 

Choice 

Material 

47.65 

A 

2.00 

B 

18.16 

5.0 

4.00 

3.0 

Strdee  length  (in.) 

2.01 

3.5 

77.00 

3.*^ 

Gating 

11.45 

Center 

4.00 

Comer 

Inj.  Pressure  (psi) 

16.39 

40.0 

4.00 

70.0 

Shot  type 

0.52 

Condnuous 

3.00 

^mm 

Tool  Temp.  CF) 

3.82 

120 

5.00 

Room 

TABLE  4:  Results  of  the  ANOVA 

For  the  open  hole  tension  tests,  it  can  easily  be  seen  that  the  major  contributors  to  the  variation 
in  results  arc  the  preform  material  type,  the  number  of  layers  used,  the  type  of  gating,  and  the 
injection  pressure.  However,  from  the  flexure  test  results  the  stroke  length  appears  to  be  the 
major  contributor,  far  overshadowing  all  other  factors.  In  order  to  understand  this 
phenomenon,  it  is  necessary  to  consider  the  details  of  the  operation  of  the  pumps  used  in  the 
injection  equipment.  The  pumps  arc  such  that  at  the  onset  of  each  stroke  the  injection  pressure 
increases  and  then  drops  at  the  end  of  the  stroke  whilst  the  piston  retracts  to  fill  the  head  again. 
With  a  long  length  of  stroke  the  pressure  differential  between  the  different  stages  of  the  stroke 
itself  is  pronounced,  whereas  with  the  shorter  stroke  length  pressure  is  more  uniform.  This  is 
seen  to  have  a  major  effect  on  the  performance  of  parts  as  was  determined  through  the  cuircnt 
set  of  experiments.  Corroborating  evidence  of  such  effects  has  also  been  noticed,  although 
reponediy  not  studied,  by  the  manufacturer  of  the  injection  equipment.  Although  most  of  the 
RTM  injection  equipment  available  today  is  rated  as  belonging  to  the  "positive-displacement'* 
type,  this  is  not  entirely  true.  Confirmatory  tests  were  run  using  the  "choice"  settings  from  the 
ANOVA.  It  should  be  remembered  that  two  different  sets  of  parameters  were  identified  as 
being  optimum  for  the  open  hole  tension  and  flexure  tests,  thereby  signifying  that  the  process 
and  material  parameters  affecting  both  types  of  mechanical  behavior  are  different.  The 
confirmation  experiment  for  tension  gave  results  that  were  higher  than  those  from  trials  1,  2 


and  4  and  at  about  the  same  average  value  as  those  fhsm  trial  3.  It  may  be  noted  that  the 
specimens  from  trial  3  showed  extremely  bad  wet-out,  and  the  high  tensile  strength  for  this 
specimen  is  considered  to  be  mainly  due  to  the  tensile  strength  of  the  glass  fibers  themselves 
rather  than  that  of  the  composite.  It  may  be  noticed  that  specimens  from  both  trials  3  and  4 
were  fabricated  using  5  layers  of  the  continuous  strand  mat,  which  was  the  same  number  as 
that  used  in  the  preform  for  the  confirmation  experiment.  The  average  strength  from  the 
conrirmation  experiment  was  seen  to  be  35.6%  greater  than  that  from  trial  4,  and  only  5% 
lower  than  that  from  trial  3  (which  as  mentioned  before  was  very  poorly  wet-out).  For  the 
flexure  tests,  however,  the  confirmation  experiment  (3  layers)  gave  results  higher  than  those  of 
trials  5  and  6  (also  3  layers),  but  lower  than  those  for  specimens  with  5  layers  (trials  7  and  8). 
A  number  of  reasons  could  be  hypothesized  for  this  including  the  effect  due  to  fiber  volume 
content,  and  the  fact  that  although  the  stroke  length  setting  was  established  as  3.5  inches,  it 
actually  varied  during  the  confirmation  experiment  from  3.5  to  6  inches.  Since  the  ANOVA 
indicated  that  the  stroke  length  itself  contributed  as  much  as  77%  to  the  results,  this 
malfunction  could  be  a  major  contributor  to  the  discrepancy.  However,  if  these  results  are 
viewed  after  normalization  for  fiber  volume  content,  the  confirmatory  experiment  does  result  in 
a  higher  value  of  normalized  flexural  strength.  It  was  also  seen  that  the  flexure  results  were 
corroborated  by  the  results  of  short-beam-shear  tests. 

The  use  of  the  Taguchi  method  is  seen  to  be  very  effective  in  determining  the  optimum  process 
window  for  an  immature  technology  where  there  does  not  exist  a  good  knowledge  base  or 
experience  to  draw  upon.  In  the  authors'  opinion  it  provides  a  valuable  tool  for  process 
development  and  optintization.  Besides  the  quick  determination  of  parameters  that  need  to  be 
controlled  during  a  process  and  the  identification  of  others  that  do  not  really  affect  the  product 
quality,  the  use  of  the  Taguchi  method  greatly  reduces  the  number  of  experiments  necessary  as 
compared  with  a  full  factorial  or  even  a  modified  factorial  setup. 


7.  SUMMARY  AND  CONCLUSIONS 

The  report  describes  the  development  and  use  of  a  methodology  for  the  concurrent 
engineering  of  composites.  Both  facilitation  tools  and  design  and  manufacturing  guides  are 
developed  and  their  use  explained.  Case  studies  are  shown  for  the  use  of  both.  The 
development  of  a  decision  support  system  for  composites  product  development  is  also 


described.  It  emphasizes  information  and  deselection  criteria.  The  proposed  methodology 
draws  from  the  need  for  a  knowledge  base  for  composite  materials  and  associated  processing 
techniques  [Hayes,  1990]  in  a  format  that  would  serve  both  as  a  decision  aid  fw  routine 
design,  as  well  as  a  training  tool  for  novices.  The  number  of  composites  fabrication 
processes  is  very  large,  and  the  selection  of  the  appropriate  process  within  the  design  profile 
can  provide  a  major  problem  for  the  design  team.  The  use  of  heuristics  in  the  form  of  charts 
can  form  a  simplistic  design  support  system,  in  that  it  allows  the  designer  to  quickly  sieve 
through  a  number  of  alternatives,  rejecting  those  that  fall  far  out  of  the  demand  region,  and 
then  sequentially  deselecting  others  on  the  basis  of  a  ever  narrowing  demand  profile.  It  is 
envisaged  that  in  future  the  stack  will  be  coupled  with  existing  on-line  data  bases  as  well  as 
with  an  inference  engine  type  shell  so  as  to  be  able  to  generate  lists  of  allowable  options  at 
each  stage  of  the  PRP  based  on  a  predetermined  range  of  design  constraints. 

The  basic  strategy  being  reinforced  through  this  system  is  that  of  limiting  conflict  without 
skimping  on  quality.  Simple,  yet  powerful  tools  such  as  discrimination  charts  and  tables  can 
be  used  to  accelerate  the  decision  making  process,  even  in  areas  where  decisions  are  highly 
coupled.  The  approach  described  herein  favors  conflict  resolution  through  deselection, 
allowing  multiple,  simultaneous  alternatives  to  be  carried  forward.  The  use  of  comparative 
rankings  allows  the  decision  makers  to  access  alternatives  even  if  the  superiority  of  one 
cannot  be  readily  quantified.  The  system  acts  as  a  tool  towards  the  facilitation  of  concurrent 
engineering  by  ensuring  that  knowledge  necessary  for  a  successful  product  realization 
process  is  made  available  in  the  most  accessible  format.  Through  the  provision  of  data  and 
information  as  described  in  this  paper,  the  appropriate  design,  manufacturing,  and  economics 
data  is  made  available  in  a  form  understandable  to  each  member  of  the  design  team.  Besides 
being  a  tool  for  efficient  design  it  serves  to  break  down  the  walls  of  communication  that  have 
existed  in  the  past  between  designers,  manufacturing  teams,  and  management,  thus  ensuring 
that  knowledge  can  truly  be  used  as  a  competitive  edge  in  product  developtitent 
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process  be  treated  as  one  that  converts  materials  (or  services)  into  goods  ot  economic  satisfaction,  i.e., 
production  decisions  should  be  business  decisions  as  well. 


Groups  versus  Teams 

Since  the  Dawn  of  Man.  humans  have  found  that  working  m  groups  is  an  indispensable  part  of  a  great  many 
important  activities.  The  performance  of  groups  of  people  working  together,  however,  varies  greatly.  What  we 
call  a  -team",  as  defined  below,  tends  to  produce  much  better  results  than  a  mere  "group". 
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Team  Members  versus  Consultants 


o 


c 

o 

i 

§  ^ 
c  ® 
5.  « 
o  E 
.1= 

I  1 

w  £ 

c 


c 

o 

Q. 


O 

<D 

CO 


c 

o 

O 


-9  - 
w 
c 
o 
a 

V) 

CD 

k_ 

O) 
c 
12 
05 

E  9 


Vi 

c 

O 

c 

a 

o 

0 

C~ 

*_ 

o 

lo 

n 

S 

E 

o 

0 

k_ 

o 

o 

0 

E 

(A 

iA 

k- 

••w 

C 

0 

E 

CQ 

0 

JO 

E 

3 

0 

Vi 

c 

E 

O 

Q 

E 

o 

O 

0 

0 

o 

H 

Vi 

X) 

c 

•o 

o 

g 

o 

o 

'c 

o 

C33 

Q. 

o 

o> 

O 

0 

<a 

IA 

g 

JZ 

« 

0) 

*k_ 

03 

C53 

•n 

.a< 

<a 

c 

0 

o 

0 

c 

o 

0 

o 

o 

■D 

(/) 

05 

JZ 

k. 

0> 

JO 

E 

o 

E 


$ 

o 

c 

JC 

c 

CO 

E 

o 

•O 


E 

05 

<X> 

<t> 

s: 


(A 

<D 


O  = 


cn 

CO 

o 

k. 

CO 

o 


E  ^ 
S  5 

<  CO 


o 

s 

o 

Q. 

O) 

c 

12 

CO 

E 


(0 

3 

2 

’> 

c 


c 
05 

xz 
o 
a 
E 

w 
o 
E 

a> 
£ 

o 

5  i 

5  8 


•o 

C 


T) 

03 

N 

lo 

o 

03 

Q. 

CA 

k. 

'03 


03 
T5 
« 
3 
O 
cn 
05 
03 

k. 

05 
c 

V) 
c 
o 
w 
o 

03 
"D 
03 
05 

E 

TJ 
C 
05 

O 

5 

—  o 

® 
JO 
05 

■o 
c 

CO 
03 

c 


$ 

<x> 

k. 

05 

CO 

k_ 

03 

JO 

E 

03 

E 


05 


E 

05 


T3 

O 

O 


52 

03 


O  tL 


o 

03 

'kT 

CO 

> 

03 

■g 

5 

05 

c 

CO 

'¥^ 

CO 

15 

k_ 

03 

C 

03 

C33 

"D 

c 

05 

CO 

05 

03 

k- 

05 

g 

o 

03 

Q. 

CO 


to 

5 

o 

03 

Q. 

CO 

03 

k- 

05 

CO 

k- 

03 

r> 


o 

c 

03 

k. 

05 

>s 

03 

j:: 

16 

sz— 


T3 

c 

05 

w 

H 

0 

to 

P 

05 

s 

E 

•D 

c 

05 

JO 

05 

O 

03 

E 

05 

■o 

c 

05 

15 

3 

■g 

'> 

-o 

c 


C  9 

~  o 

£3 

16 


"D 

c 

iS 

lo 

k_ 

0 

"D 

c 


c 

g 

m 

g 

'c 

3 

E 

E 

o 

o 

g 

Ic 

Q. 

0 

k- 

C33 

T3 

c 

0 

C 

0 


0 

€ 

0 

> 

0 

0 

O 

X 


V) 


(A 

V> 


■O 

c 

0 

JO 

0 

o 

u> 

k_ 

03 


0 

c 

0 

■O 

_9. 

0 

JZ 

c 

0 

o 

>. 

0 

0 

k. 

0 


to 

c 

.2 

0 

3 

to 

k. 

0 

0 


03 

E 

IA 

03 

IA 

IA 

V) 

c 

CD 

E 

k« 

0 

JQ 

> 

CO 

3 

k. 

0 

JO 

k- 

0 

JO 

0 

Q. 

E 

E 

O 

E 

E 

X 

0 

0 

X 

0 

0 

0 

0 

E 

0 

E 

E 

O 

•D 

E 

E 

E 

IA 

O 

0 

0 

0 

0 

0 

o 

0 

3 

0 

0 

0 

O 

h— 

3 

k. 

0 

• 

« 

E 

• 

• 

I 


i 


I 


Elements  of  the  Mission  Statement 
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Resource  allocation,  in  terms  of  the  mission  statement,  refers  to  two  main  elements:  money  and  staffing.  Great 
care  must  be  taken  when  setting  mission  objectives  with  respect  to  resources.  For  this  reason,  the  concurrency 
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Your  Teams'  Missions... 
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Customers 

A  customer  is  someone  whose  wants  and  needs  must  be  satisfied  through  the  efforts 
of  the  TQD  team.  Customers  should  be  identified  by  name.  All  categories  of 
customers  must  be  discovered,  particularly  those  whose  wants  conflict  with  other 
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Revealing  Customer  Wants  Conflicts 
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Current  and  Desired  Performance 
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Customer  Wants  Exercises 
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Competitive  Benchmarking 
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Benchmarking  Products,  Processes,  and  Organizations 

Most  people  involved  with  product  development  are  familiar  with  the  concept  of  prpduct  benchmarking.  This 
usually  takes  two  fundamental  forms:  market  comparison  and  "reverse  engineering",  as  discussed  below. 
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Reactionary  versus  Proactive  Benchmarking 

Most  everyone  is  tamiliar  \vith  the  reactive  form  of  benchmarking.  This  process,  sometimes  referred  to  as 

-reverse  engineering",  involves  discovering  the  important  parameters  of  your  benchmarks  through  disassembly, 
testing,  and  similar  techniques. 
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used  in  ihe  past)  of  each  benchmark’s  ability  to  supply  the  Customer  Want  in  question.  A  similar  table  should  bo 
created  comparing  the  benchmarks  to  the  Quality  Metrics  described  in  the  next  section. 
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Quality  Metrics  Checklist 

Upon  completion  of  this  section,  I  should  be  able  to: 


The  difference  between  Customer  Wants  and  Quality  Metrics 

The  most  obvious  difference  between  Customer  Wants  and  Quality  Metrics  Is  that  the  latter  must  be  quantifiable. 
As  discussed  below,  Quality  Metrics  correlate  to  Customer  Wants.  Those  correlations,  however,  are  rarely  one- 


An  Example../ 

Customer  Wants  and  Quality  metrics  for  the  F- 16  jet  fighter 

While  the  F-16  is  obviously  a  very  complex  system,  the  example  ot  translating  from  Customer  Wants  from  Quality 
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*  Adapted  from  National  Defense.  James  Fallows.  Vintage  Books,  1981,  pp.95-106 


Later,  we  will  see  how  the  Customer  Wants  and  Quality  Metrics  correlate  for  the  F-16  example... 
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In  the  same  way  that  Customer  Wants  were  correlated  to  each  other,  it  can  be  very  useful  to  correlate  Quality 
Metrics  to  each  other,  in  order  to  discover  trade-offs  among  the  metrics. 
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uses  symbols  to  represent  these  relative  magnitudes:  A  "++"  represents  a  very  strong  positive  correlation,  i 
represents  a  strong  positive  correlation,  an  a  weak  positive  correlation,  and  a  a  negative  correlation. 


Correlations  for  the  F-16  Example 


Again,  the  details  of  the  enormously  complex  F-16  system  are  not  Important  In  this  example.  The  example  li 
Included  to  show  how  Quality  Metrics  correlate  to  Customers  Wants. 
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Concept  Generation  Checklist 

Upon  completion  of  this  section,  I  should  be  able  to: 


What  is  a  "Concept"?  i 

How  much,  and  what  kind,  of  information  constitutes  a  concept  can  vary  with  each  TQD  project.  It  is  the  team’s 

responsibility  to  define  a  "concept"  in  the  context  of  their  project.  One  useful  rule  of  thumb  may  be  stated  as  a 
definition; 
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Concept  Generation  and  Creativity 

Concept  generation  is  commonly  thought  ol  as  THE  creative  stage  of  engineering  design.  As  we  have  seen, 
however,  it  is  just  one  creative  stage  among  many.  There  is  both  a  creative  stage  and  an  evaluative  stage  in 
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The  Language  of  Concepts 

t 

The  language  of  concepts,  more  than  any  other  stage  of  TOD,  is  the  sketch.  TQD  team  members  must  be 
efficient,  prolific  and  accurate  sketchers.  This  will  aid  not  only  in  the  team’s  concept  generation  sessions,  but  also 
in  concept  selection. 
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Concept  Selection  Checklist 

Upon  completion  of  this  section,  I  should  be  able  to: 
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The  Concept  Selection  Matrix 
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Choosing  the  Benchmark  Column 
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Go/No-Go  Review  Checklist 


Opinions  differ  on  the  optimum  time  to  make  a  "go/no-go"  decision  regarding  the  future  of  a  project.  Few  would 
argue  against  the  need  for  such  meetings,  but  just  when  to  hold  them  can  be  a  problem.  The  trade-off  is  this;  It  is 
desirable  to  hold  these  reviews  as  early  as  possible,  to  avoid  wasting  resources  on  a  project  that  is  not  going  to 
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Another  important  function  of  a  no-go  decision  is  to  identify  critical  knowledge  gaps  for  research  and 
development  (technology  generation),  and  set  time  frames  and  plans  for  their  execution. 


Many  "tools"  are  available  for  use  in  TQD  Projects.  A  tool  is  any  kind  of  decision  aid, 
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TQD  Applications 

The  illustrations  on  the  previous  page  show  a  few  of  the  projects  to  which  the  TQD  process  has  been  applied. 
TOD  has  been  applied  to  organizations  (such  as  the  Center  for  Composite  Materials  and  the  American  Society 
for  Composites),  processes  (such  as  the  design  process  tor  composites  and  design-for-impact  methods),  and 
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This  is  one  of  the  most  difficult  questions  to  answer  quantitatively.  Concurrent  engineering  approaches  of  every 
shape  and  size  are  dreamed  up  and  declared  a  success  almost  before  they  are  ever  applied.  Phrases  such  as 


00 


(D 

3 

c5 

a> 


o 

jC 


(0 

a> 

c 

(rt 


8  i 

to  n 
o  « 


E 

E 

o 

o 

a> 


> 

c 

<0 

E 


_  o 
<0  « 
t  >, 
0) 

■D 

CO  ® 


E 

o  J 

E  - 
« 

£  cj 
(0 

c  ® 
C  CD 

=  E 
o  « 

■O  P 

£  S 
S  £ 

CO  ® 
^  <n 

1  2 
O' 
c 

® 

U) 


Z) 

c 

® 

t 

i 

® 

c 

c 

® 

£ 

CD 

C 

■>% 

o 

a. 

E 

® 

</} 

u 

® 

5* 

a 

lo 

OL 

jA 

o 

o 


« 

•o 

o 

£ 

® 

E 

T> 

® 

> 

O 

Q. 

E 

o 

—  ® 
£ 

®  •$ 
o 

«  o 


a 

® 
Sj  ® 

®  Q 

O 

c 
55 


.§  € 
iS  2 

U  Q. 

S' 
® 
> 


u 

3 

(fl 


O 

c 


® 

.Q 

U 

(fl 

CO 


"O  .CD 

O  ® 

"V  > 
c  ® 

2  $ 


o 

c 

® 

(0 

v> 

X) 

o 

.c 

® 

E 


« 

U) 

8.  h 
i  P 


(a 


« 

Q 

R 


—  ^  o 


OT 

tn 

® 

CJ 

CJ 

3 

OT 

s 

® 


3 

O 

n 

>« 

« 

c 

ca 

CJ 

® 

S 

CO 


T3 

® 

C 

.® 

V) 


o 

x: 

S 

E 

o 

I 

w 

'c 

E 

•o 

® 


® 

« 


® 

® 

c 

05 

s  ^ 
—  0) 
c  O) 
®  ® 
"O  ® 
3  ^ 


« 

E 

p 


•O 
® 
CJ 

.  XJ 

®  E 
o 


® 

> 

® 

OT 

o 

E 


® 

X3 

O 

« 

c 

o 

'« 

CJ 

® 

■p 

■Jo 

3 

Q. 

® 

U 

c 

o 

CJ 

.c 

O) 


c 

®  =_ 

o  ® 

«  ^ 
3  3 

o  o> 
^  * 

CO  (Q 

®  E 

x:  ® 

XT 

^  s 

^  o 

S  5 
® 


(O 

® 


T3 

® 

c 

CO 


® 

I B 

I  § 

o 

E 
o  _  ® 

■O^ 
®  ■£ 

®  ? 
>  .= 
®  « 
x:  ® 

>,  £ 
®  CJ 


® 

> 

® 


® 

XJ 

E  _ 
®  ® 
® 


CJ 

2  TJ 
Q.  ® 


® 
XJ 


8  s 

^  E 
>,  9 
c  .® 

®  CJ 
c  ® 

- 

OT  O 

®  O 

-9  6 


® 

a 

® 

tn 

- 

X 

* 

o 

® 

cn 

(/> 

® 

>» 

C? 

p 

a> 

p 

® 

E 

® 

u 

o 

c 

CO 

> 

2 

"55 

k. 

55 

Q. 

T) 

® 

>. 

U) 

® 

Q 

H" 

® 

55 

"co 

3 

o 

p 

o 

® 

p 

e 

,3^ 

e 

® 

c 

o 

'55 

o 

® 

TJ 

(0 


o 

!E 

$ 

c 

o 

c 

o 


E 

i. 

o 

c 


(S 

0) 


■o 
c 

(S 

o 

Q 

_  ® 


"O 

c 

(0 

<0 

0) 

•a 

c 


■a 

c 

(0 

•a 

(0 

0) 

cc 


0) 

a> 

o 

u. 

•a 

c 

(0 

(D 

0) 

(0 


2 

K- 

® 

“D 

c 

® 

•c 

>. 

x> 


3 

P 

« 

® 

$ 

« 

® 


Q. 

« 


« 

« 

® 

O 

2 

Q. 

o 

o 


OT 

® 

E 

o 

o 


c 

® 


® 

u 

c 

® 

'k_ 

® 

Q. 

X 

® 


® 

3 

« 

P 

3 

(O 

O 

c 

.*2 

® 

kw 

® 

p 


and  it  continues  to  evolve  in  the  same  way. 
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The  graphic  on  the  last  page  shows  the  famous  "Wall"  over  which  designs  get  thrown 
in  corporate  folklore. 


UMOJMJ  »ee  suBisep  gamm  joAo  „iibm„  snouiB}  eg)  smogs  sSbO  isBrsiTuo  oi!,'dB%” 


O 

CO 


JZ 

®  w 


(A 


C 

o 

flS  (A 


■C  U=  (A 

5  ®'  « 

£  Q.  =D 

®  5  r- 

N  X  -C 

a;  ® 

<A  T 

®  «  w 
o 

til 

Q  o  ^ 

f  E 

«  (A  ® 

i 


(A  tfl 

i  8 

H"  O 


O 

o 

h- 


o> 

3 

O 


52 

® 

e 

o 

4aB* 

<A 

3 

U 

<A 


„  -f 

o  5 


^  i 

o  ^ 

c  o 

Q.  _. 

JZ  <0 

XT  Q 

a 

<A  5 
=  «A 

^  i 

<2  C 
£  « 

g  ® 
B  2 

®  Q. 
JK  ® 

®  k. 


3 

O 

« 

3 

0 

O  § 

O)  ® 
c  c 

E 

^  9 

•Q 


V) 

(A 


® 

E 

o 


£ 

$ 


<A 
3 

Q.  O 


X3 

O 

® 

xz 


o 

c 

o 

•O 


® 

u 

c 

o 

o 

(A 


(A 

(A 

9 

O 

O 


0 

(A 

3 

® 

O) 

c 

h- 

0 

«A 

.C 

« 

0 

"0 

■D 

'i3 

<A 

C 

9 

& 

3 

C 

9 

8 

0 

(A 

E 

E 

0 

® 

9 

9 

z 

9 

9 

a 

o 

H 


-C  "D 
U  9 
<A 

i  s 

(A  -O 
C  "O 
®  3 

E  o 

9  JZ 

9  <« 

®  R 

E  O 

c  t~ 

£ 

5  I 

®  2 

o  ® 

€  f 

9  o 


8 


9 

<A 
9  w 
(A  9 
O  £ 

o  O 

9  >. 

<A  E 
<0  ® 

^  ® 
o  4e 


£ 

o> 

3 

O 

JZ 


9 

A 

C 

(0 

u 

(A 

<A 

9 

U 

o 


<A  ^ 

®  o 

CA  - 
<A 


^  .52 

3  .ir 
^  C 


9 


3 

<A 


9 

x; 

•D 

® 

TJ 


O 

CO 

E 

3 
O 
>. 

<0 
JC 

S 

«  — 

—  9 

JC 

9 


r-  o  <B 

Q  •“  O 

0  2,^ 

^  g>  ^ 

9  2  o 

k.*  ®  .® 

9 

ir  •o  "D 
t:  c  o 
^  ®  E 

Q  ®  ^ 

®  S-  C 

“  2  9 

<A 

®  3 


<A 

9 

C 

o 


c  ® 

W  i/y 

f  8  = 

E  S 

9  - 
®  c 

«  ® 
®  x: 

£  5 


I 


Our  TQD  research  attempts  to  ensure  that  TQD  will  remain  useful.  One  of  the  mo^t  important  elements  in  the 
continued  improvement  of  TQD  is  experience.  We  are  generating  this  experience  internally,  but  the  process  will 
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Appendix  -  TQD  USER’S  GUIDE  (V2J) 


This  User's  Guide  describes  one  common  scenario  for  a  TQD  design  projea. 

Every  project  is  different,  of  course,  and  the  details  wiU  vary  from  one  prcjea  to  the  next. 
This  User’s  Guide  is  intended  to  help  the  beginning  team  master  the  "mechanics”  of  a  TQD 
project,  as  opposed  to  the  TQD  Workbook,  which  introduces  in  detail  the  basic  concepts  of 
TQD.  "Session"  numbers  listed  below  do  not  in  most  cases  refer  to  the  exact  number  of 
times  your  team  will  convene  on  a  given  projea.  Rather,  these  numbers  represent  logical 
breaks  in  the  flow  of  a  typical  project 

The  software  described  here  requires  Microsoft  Excel  Version  2.2. 

Session  1 

Once  a  team  is  selected,  the  first  team  meeting  should  be  held  in  a  room  equipped 
for  sharing  the  output  of  the  Mac  screen  among  the  team.  The  Mac  should  be  connected  to 
a  DataShow  system  and  projected  for  team  viewing. 

Boot  up  TQD.  Open  “New  Wants  Table”  from  the  menu  (use  ^-opdon-w).  You 
will  be  asked  to  enter  a  name  for  the  wants  file  being  created.  Use  a  name  that  includes 
“wants”  and  the  current  date.  This  spreadsheet,  shown  in  Figure  1,  is  used  to  state  the 
team's  mission,  and  make  a  list  of  customers  and  wants.  Develop  a  sharp,  one^sentence 
statement  of  the  mission  of  this  TQD  project  or  subproject  In  making  the  customer  list, 
use  first  and  last  names  of  real  people  whenever  possible.  Make  a  complete  list  of  aU 
possible  externttfand  internal  customers.  Consider  converting  iittemal  cusCBmers  into 
partners.  In  other  words,  get  a  buy-in  from  them  to  join  the  team  as  a  member  or 
consultant  Members  are  responsible  for  decisions,  while  consultants  only  provide 
information. 

Once  the  first-pass  list  of  customers  is  done,  continue  the  session  to  brainstoim  the 
wants  of  each  customer,  and  enter  the  results  as  you  go  alongside  each  customers  name. 
Duplications  are  fine.  Just  be  as  complete  as  possible.  Conflicting  wants  are  common,  and 
are  particularly  useful  to  sharpen  the  decisions  to  be  made.  Continue  to  add  wants,  and 
even  more  customers  until  the  team  is  satisfied.  Consensus  is  sought  for  each  team 
decision.  Understanding  the  conflicting  opinions  is  necessary.  The  team  should  have  been 
selected  for  their  expertise,  and  their  willingness  to  exercise  that  expertise  in  decision 


making.  Make  the  decisions  and  keep  moving  forward.  Speed  is  especially  useful  early 
on.  Iterations  are  expected  and  welcomed,  but  be  aware  of  the  trade-off  with  time.  This 
should  mark  the  end  of  the  first  TQD  session.  Save  the  spreadsheet.  Make  printouts  for 
the  team.  Action  items  will  probably  include  some  customer  contact  (market  research)  to 
verify  the  team  opinions  expressed  in  the  first  spreadsheeL  More  sessions  may  be 
necessary  to  fill  in  the  top  customer  wants  and  their  rate  of  importance,  which  must  be 
completed  before  proceeding  to  the  next  screen.  (The  Saaiy  method  is  being  developed  as  a 
rigorous  way  to  prioritize  the  wants.)  Additional  acdtm  items  can  be  preparation  of  a  list  of 
competitors,  along  with  information  about  tiieir  performance  in  each  of  the  top  customer 
wants. 

Session  2 

Session  2  is  the  beginning  of  the  Competirive  Benchmarking  phase  of  the  TQD 
process.  Again  boot  up  TQD.  Open  the  customer  wants  file  that  you  created  in  Session  1. 
Then  open  a  metrics  file  by  pressing  option-command-m.  Follow  the  on-screen 
instructions.  Remember  to  use  a  name  for  the  metrics  file  diat  includes  the  word  “metrics” 
and  the  current  date.  The  wants  file  that  you  will  be  asked  for  is  the  file  created  in  Session 
1.  A  blank  version  of  the  metrics  template  is  shown  in  Figures  2,3,  and  4.  The  mission 
statement  and  the  top  customer  wants,  along  with  their  rates  of  importance,  will  be 
automatically  imported  from  the  wants  screen.  The  first  task  for  the  team  is  to  develop  a 
numerical  ranking  to  represent  the  current  performance.  Use  a  number  between  1  and  5, 
with  5  as  best.  Next  a  listing  of  competitors  is  keyed  in.  It  is  especially  good  to  include 
competitive  entries  that  represent  the  best  known  performance  in  each  of  the  separate 
customer  wants.  Continue  the  listing  as  long  as  necessary.  Then  rate  the  competitors 
against  the  customer  wants.  This  may  take  outsid^omework  and  multiple  sessions. 

Don’t  get  stopped  here.  It  is  important  for  the  team  to  exercise  judgement  so  they  can  keep 
moving  forward  rapidly.  After  the  competition  is  rated,  one  of  the  most  important  sets  of 
decisions  is  considered.  The  team  must  select  the  ratings  of  the  planned  performance.  This 
is  based  on  careful  considerations  of  the  top  customer  wants,  the  ciurent  performance,  the 
competitive  performance,  and  the  strategy  for  surpassing  the  competition.  Once  the 
planned  performance  ratings  are  completed,  the  software  will  calculate  the  ratio  of 
improvei,.ent  as  the  ratio  of  planned  to  current  performance.  The  biggest  changes  will  be 
given  more  weight  later.  The  team  then  has  the  option  of  using  "leverage”  on  one  or  more 
customer  wants  to  put  extra  emphasis  on  it  As  a  first  cut,  insert  "1”  in  each  cell  in  the 
leverage  row.  The  team  may  want  to  change  the  leverage  in  a  successive  TQD  iteration. 


The  absolute  weight  is  the  produa  of  the  Rate  of  Importance  times  the  Ratio  of 
Improvement  times  the  Leverage.  The  Demand  Weight  is  the  normalized  weight  as  a 
percentage  of  the  total  of  the  absolute  weights  of  all  the  top  customer  wants.  This 
completes  a  very  busy  Session  2. 

Save  the  changes.  Make  printouts  for  the  team.  Action  items  are  to  be  thinking  of 
quantifiable  ways  to  measure  each  of  the  customer  wants  before  the  next  session.  Find  out 
how  the  competitors  measure  themselves  and  how  they  advertise.  Homework  to  verify  the 
competitive  benchmarking  will  almost  always  be  welcomed,  and  will  be  a  continuing 
process.  Note  that  changes  in  the  competitors  ratings  has  no  effect  on  the  subsequent 
work,  unless  a  change  is  needed  in  the  Planned  Performance.  However,  better  homework 
on  the  competitors  also  pays  off  later  when  it  ts  time  for  concept  generation,  as 
competitors'  concepts  should  help  your  team  generate  new  concepts. 

Session  3 

The  next  session  begins  by  re*booting  the  TQD  software  and  returning  to  the 
metrics  file.  Here,  you  will  be  using  the  center  pwrtion  of  the  metrics  template  as  shown  in 
Figure  3.  The  first  task  is  to  brainstorm  ways  to  measure  the  customer  wants.  Taking  each 
customer  want  from  top  to  bottom,  consider  all  sons  of  ways  to  measure  that  want.  Key 
them  into  the  spread  sheet  in  arbitrary  order,  making  a  column  of  quality  metrics.  Try  to 
think  of  at  least  3  or  4  ways  of  measuring  each  want.  Some  metrics  will  be  usefiil  in 
measuring  multiple  wants.  Use  each  such  metric  only  once.  Continue  until  cotsensus  is 
reached  or  you  run  out  of  ideas.  If  necessary,  take  a  break  or  end  the  session  here,  but  try 
to  continue. 

The  next  task  ts  to  judge  how  strongly  correlated  each  metric  is  to  the  customer 
wants.  Taking  each  customer  want  in  turn,  mark  the  cells  in  each  spreadsheet  column 
according  to  the  legend  shown  at  the  bonom  of  the  center  section  of  the  template  (Figure  3). 
Each  mark  corresponds  to  a  multiplying  factor  as  shown.  In  effea,  the  customer  wants 
will  be  transformed  into  a  set  of  measures  that  directly  correlate  with  diem.  Whwi  die 
process  ts  completed,  the  software  will  calculate  the  number  of  "points"  associated  with 
each  metric.  The  one  with  the  most  points  will  be  considered  the  most  important  metric. 
The  original  "Rate  of  Importance"  of  each  want  ts  taken  into  account  in  these  calculations. 
Store  that  spreadsheet  that  contains  the  raw  scores.  Then  modify  the  spreadsheet  as 
follows.  The  Excel®  program  includes  utilities  for  modifying  the  spreadsheets.  Highlight 
Rows  including  all  the  quality  metrics  (all  the  way  across).  Pull  down  the  Data  menu  to 
"Sort".  Choose  the  column  labeled  "Pis"  to  sort  by.  Click  descending,  then  click  "OK”. 


The  result  will  be  a  re-ordering  of  the  quality  metrics  in  order  of  number  of  points  from  top 
to  bottom.  The  percentages  are  also  shown.  Save  the  spreadsheet  under  a  different  name. 
Now  go  through  the  metrics  one-by-one  to  verify  the  interactions  by  row.  See  if  they  make 
sense.  Later  elements  of  the  TQD  process  woik  best  when  the  number  of  metrics  is  small, 
so  try  to  cut  the  list  down.  Especially  look  at  the  bottom  of  the  list  to  see  if  some  of  the 
lowest  ones  are  covered  by  some  higher  ones.  Sometimes  you  will  be  able  to  truncate  the 
list  at  some  obvious  point  below  whidi  the  metrics  have  a  very  low  rating.  As  the  metrics 
arc  eliminated  click  on  the  row  number  of  each  metric  to  be  eliminated  and  do  a  #-K.  If 
the  calculation  option  is  set  on  automatic,  the  percentages  will  be  recomputed  by  the 
software  itself.  If  the  option  is  on  manual,  do  a  #-=  to  re-calculate  the  percentages.  If 
possible,  eliminate  metrics  until  the  number  of  total  metrics  is  less  than  IS  or  so.  But  don't 
eliminate  any  metric  that  is  strongly  correlated  to  a  want.  When  consensus  is  reached,  go 
out  and  celebrate!  You  have  reached  a  major  milestone  in  the  TQD  process.  You  have 
developed  an  excellent  team  understanding  of  your  customers,  their  wants,  the  competition, 
and  how  to  measure  the  customer  wants.  Save  the  spreadsheet! 

An  additional  step  may  be  taken  at  this  time  to  sharpen  the  team’s  understanding  of 
what  is  required  to  beat  the  competition.  Using  the  final  portion  of  the  metrics  spreadsheet 
(Figure  4),  the  team  can  relate  the  quality  metrics  to  the  competition.  This  step  will 
undoubtedly  require  some  additional  homework,  but  will  also  be  quite  valuable  and  in 
some  cases  critical.  Find  out  what  value  of  each  metric  corresponds  to  each  competitor. 
Instead  of  relying  on  subjective  ratings  of  the  ability  of  each  competitor  to  satisfy  the 
customer  as  in  the  initial  competitive  benchmaridng  step,  this  evaluation  will  be  based  on 
actual  performance  to  the  metrics  that  have  been  identified  as  most  important.  This  will 
force  the  team  to  re-think  about  how  specifically  the  competition  performs  in  the  most 
important  measurable  ways.  In  addition,  the  team  must  include  measures  of  their  own 
curren^rformance.  Finally,  the  team  can  define  the  planned  performance  in  terms  of 
discrete,  quantifiable  metrics  that  have  been  derived  to  be  the  most  important  to  die 
customers.  These  data  are  invaluable  in  the  following  steps  to  generate  and  selea  concepts. 
Save  the  spreadsheet  for  the  next  session.  Make  printouts  for  the  team.  Action  items  are  to 
think  about  including  ''concepts*'  and  features  of  concepts  for  satisfying  the  customer 
wants.  Think  about  the  b^  features  of  the  competition.  You  must  beat  the  competition  in 
some  way  that  strongly  pleases  the  customer,  but  remember  that  you  don't  have  to  exceed 
or  even  equal  the  competition  in  all  of  the  customer  wants.  In  fact,  it  is  wise  to  copy  the 
competition  in  all  wants  that  you  can't  beat.  The  mono  is  "If  you  can't  beat  it,  use  it!" 

At  this  point,  the  team  has  come  rapidly  to  the  point  of  thoroughly  understanding 
the  customers,  their  wants,  and  the  competition.  If  that  was  the  only  contribution  of  TQD, 


it  would  be  totally  worthwhile.  But,  the  process  flows  smoothly  onward  to  generate  and 
select  robust  concepts  to  satisfy  customer  wants. 

Session  4 

The  new  session  begins  with  the  final  template.  From  the  TQD  software,  open  a 
new  concepts  template  with  a  command-option-c.  A  blank  concepts  template  is  shown  in 
Figures  5  and  6.  As  before,  the  mission  statement  is  included  for  constant  reference.  The 
benchmaric  refers  to  the  incumbent  or  current  concepL  Quality  metrics  are  automatically 
imported  from  the  previous  spreadsheet,  in  order  of  importance.  (Planned  values  could 
also  be  included,  but  have  not  as  yet.  Other  planned  improvements  include  Taguchi's 
quality  loss  function  to  include  manufacturing  cost  considerations  at  this  early  stage.  The 
bottom  portion  of  the  template  (Figure  6)  will  be  utilized  later  in  the  concept  selection 
process.) 

At  the  top  of  the  p^e  is  room  to  describe  each  concept.  It  is  important  to  have  an 
accompanying  sketch  of  each  concept.  A  future  generation  of  TQD  software  will  include 
links  to  concept  sketches.  Each  concept  should  be  described  completely  in  terms  of 
functionality.  A  component  of  a  composite  structure,  for  example,  should  be  defined  by  its 
materials,  configuration  (shape  and  microstructure),  and  its  manufacturing  process. 
Heuristics  maps  for  composites  manufacturing,  in  terms  of  the  most  important  process 
discriminators,  are  available  in  the  Composites  Manufacturing  Heuristics  Guide.  The  list 
of  concepts  can  be  as  long  as  the  team  desires.  It  is  extremely  important  to  generate  a 
relatively  large  number  of  concepts.  Rows  can  be  added  to  the  spreadsheet  if  necessary. 
Each  "concept"  should  be  thought  of  as  a  complete  answer  to  the  customer  wants,  but  the 
concepts  list  often  becomes  a  list  of  features  to  be  considered  for  inclusion.  This  part  of  the 
process  ts  probably  the  most  "creative",  so  constraints  here  are  unwelcome.  Let  the  ide®" 
flow  fteely  without  criticism,  in  a  classical  brainstorming  session.  It  may  also  be  useful 
here  to  employ  creativity  software,  such  as  IdeaFisher<E>  to  stimulate  as  many  concepts  as 
possible.  At  the  end  of  this  session,  call  for  a  break  or  quin  Save  your  work. 

Session  5 

When  you  re-convene,  you  will  be  entering  one  of  the  most  powerful  elements  of 
the  TQD  process.  The  concept  selection  process,  based  on  the  Pugh  method,  ensures  that 
only  robust  concepts  are  selected.  It  saves  the  team  from  taking  risks  on  weak  concepts. 


When  completed,  this  pan  enables  the  entire  team  to  unifonnly  defend  their  decisions  to 
each  of  their  constimencies.  It  is  the  final  step  before  the  Go/No-Go  Review. 

Stan  in  the  middle  of  the  template  with  concept  #1  and  quality  metric  #1 .  Ask 
yourselves  if  concept  #1  is  better,  worse,  or  the  same  as  the  benchmark  in  terms  of  quality 
metric  number  #1 .  Insen  a  "b"  if  it  is  better,  a  ”w”  if  it  is  worse,  or  an  "e”  if  it  is  the 
same/equal.  If  you  don’t  know  (i.e  there  exists  a  knowledge  gap),  put  a  "g".  Continue  to 
evaluate  concept  #1  against  the  benchmark  by  proceeding  down  the  column  marked  concept 
#1.  When  you  finish  concept  #1 ,  do  the  same  thing  with  concept  #2  and  so  forth  until  you 
fill  all  cells  of  the  spreadsheet.  The  software  will  sum  up  the  number  of  each  type  of 
comparison  (b,  w,  e,  g)  at  the  bonom  of  the  template  (Figure  6).  This  will  also  show 
various  ways  of  evaluating  the  strength  of  each  concept  (Le.,  "number  of  plusses",  number 
of  plusses  +  number  of  equals").  The  row  marked  “Number  of  invalid  entries"  should  be 
checked  to  ascertain  that  no  letters  other  than  “b",  “w”,  “e”  or  “g”  were  entered  in  any  of 
the  columns. 

Now  comes  some  serious  decision-making.  Seek  to  eliminare  weak  concepts  at  this 
point.  If  a  concept  has  so  many  minuses  (w)  that  it  would  be  weak  even  if  all  the 
knowledge  gaps  (g)  were  resolved,  eliminate  it.  This  shows  the  power  of  the  process  to 
save  time  by  not  spending  resources  on  weak  concepts.  Many  knowledge  gaps  will 
probably  remain.  Action  items  should  be  assigned  to  fill  the  most  serious  knowledge  gaps. 
Take  a  look  at  the  most  attractive  concept  During  the  next  session,  consider  making  that 
concept  the  benchmark.  Proceed  carefully  to  eliminate  concepts  and  re-compare  all 
remaining  ones  to  the  most  likely  winners.  Add  detail  to  the  remaining  concepts  to  be  able 
to  bener  differentiate  them.  Continue  iterating  and  doing  homework  as  necessary.  Try 
hard  to  end  up  with  one  best  concept  to  take  to  the  Go/No-Go  Review.  (Save  your  work!) 

Session  6 

The  Go/No-Go  Review  is  the  culmination  of  the  TQD  process  for  conceptual 
design.  (TQD  can,  of  course,  also  be  used  for  detail  design,  process  design,  strategic 
planning,  complex  decision-making,  etc.)  The  Go/No-Go  Review  allows  the  team  to 
report  back  to  management  on  the  results  of  their  TQD  process.  It  employs  the  templates 
from  a  historical  viewpoint  to  review  each  of  the  key  decisions  and  allows  the  team  to 
answer  questions  about  the  effort  Each  key  template  is  presented,  either  in  hard  copy  or 
electronically,  to  guide  the  presentation.  Key  decisions  are  highlighted.  Finally  the  team 
presents  their  conclusions.  The  best  result  is  discovering  a  robust  concept  that  has  a  good 
chance  of  beating  the  competition.  A  more  likely  result  in  many  cases  is  a  conclusion  that 
the  information  and  technology  are  not  available  from  which  to  develop  a  way  to  beat  die 
competition.  The  team  can  clearly  articulate  the  reasons  for  not  finding  a  concept  robust 


enough  for  the  organization  to  expend  further  resources  on.  The  organization  can  then  use 
the  results  to  guide  its  R&D  efforts,  so  that  next  time  the  information  and  technology  will 
be  available. 

This  TQD  User's  Guide  has  explained  the  steps  and  some  of  the  philosophy  of 
Total  Quality  Design.  More  detailed  information  on  the  background  and  philosophy  are 
available  in  the  TQD  Workbook.  TQD  is  an  evolving  process  that  thrives  on  examples  and 
case  studies.  Please  let  us  know  what  works  and  what  doesn't  work  for  you. 
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List  Customers*  Names  and  Wants 


Figure  1  -  The  TQD  “wants”  template 


Figure  2  -  TQD  "quality  metrics"  template  (top  section) 


Table  Notation 


a  very  atronQ  correlation 
b  atrong  correlation 
c  weak  correlation 
no  correlation 
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Figure  3  -  TQD  “quality  metrics”  tenvlate  (center  section) 


Figure  5  -  The  TQD  "concepts"  template  (top  half) 
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